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(54) OPTICAL ELEMENT, OPTICAL CONTROL METHOD AND APPARATUS USING THE OPTICAL 
ELEMENT, AND METHOD OF MANUFACTURING THE OPTICAL ELEMENT 



(57) An optical element, optical control device and 
optical control method are provided which demonstrate 
a large, rapid optical response using a laser light of low 
output as a control light A signal light 1 is emitted from 
an optica! source 1 . A signal light 2 emitted from an opti- 
cal source 2. A control light and the signal light are con- 
verged by a condenser lens 7, and irradiate an optical 
element 8. Only the signal light is detected by a photo- 
detector 22 though a light receiving lens 9 and a wave- 
length selection filter 20. A thermal lens is formed 
reversibly in the optical element and switching the con- 
trol light ON and OFF modulates the intensity of the sig- 
nal light. The optical element has a laminar structure 
comprising a heat transfer film/heat insulation film/light 
absorption film/ heat insulation film/heat transfer film, for 
example, and a sufficiently large and rapid optical 
response is obtained using low output laser light as the 
control light by adjusting the thickness of the light 



absorption film so that it does not exceed twice the con- 
focal length of the converged control light. 
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Description 

Field of the Invention: 

[0001 J This invention relates to an optical element 
useful, for example, in the field of optoelectronics and 
photonics, such as optical communications and optical 
information processing, and to an optical control 
method and method of manufacturing an optical ele- 
ment using such an optical element. 

Background of the Invention: 

[0002] In the field of optoelectronics and photonics, 
much research is being carried out on light and optical 
control methods which attempt to modulate the intensity 
(amplitude) or frequency (wavelength) of light without 
using electronic circuitry, by using the change of trans- 
mi ssivity or refractive index caused by irradiating an 
optical element produced by fabricating an optical mate- 
rial or optical composition with light. 
[0003] When the properties of light are used to per- 
form parallel optical logic computing and image 
processing, "spacial light modulators" for performing 
certain types of modulation such as varying the optical 
intensity distribution of the beam cross-section are of 
great importance, and optical control techniques are 
also expected to find application in this area. 
[0004] Phenomena to which light and optical control 
methods are expected to be applied are saturable 
absorption, nonlinear refraction, nonlinear optical 
effects such as the photorefractive effect and photo- 
chromic phenomena, and these are now attracting wide 
attention. 

[0005] A phenomenon is known wherein light in a 
first wavelength region excites absorption of light in a 
second wavelength region different from the first wave- 
length region without an accompanying change of 
molecular structure. This phenomenon may be referred 
to as "excited state absorption", "induced absorption" or 
"transient absorption." 

[0006] In one example of an attempt to produce 
excited state absorption, in Japanese Patent Laid-open 
publication No. Sho 53-137884, an optical conversion 
technique is reported wherein a liquid or solid contain- 
ing a porphyrin compound and an electron acceptor is 
irradiated with at least two kinds of light of differing 
wavelength, and the information contained in light of 
one wavelength is transferred to light of the other wave- 
length. In Japanese Patent Laid-open publication No. 
Sho 55-100503 and Japanese Patent Laid-open publi- 
cation No. Sho 55-108603, a propagation light is 
selected corresponding to the time-dependent variation 
of excited light, using the difference in the spectropho- 
tometer spectrum between the round state and excited 
state of organic compounds such as porphyrin deriva- 
tives. 

[0007] In Japanese Patent Laid-open publication 



No. Sho 61-129621 , a radiant energy transmission con- 
trol method is disclosed comprising a step wherein a 
first photon flux is introduced into a barium crown glass 
fiber doped with uranium oxide without attenuation, the 

5 first photon flux is attenuated by introducing a second 
photon flux, energy level 2 of the fiber is populated, part 
of the first photon flux is absorbed to populate energy 
level 3 and part of energy level 3 then returns to energy 
level 2 so as to further attenuate the first photon flux. 

io [0008] Japanese Patent Laid-open publication No. 
Sho 63-89805 discloses a plastic optical fiber that con- 
tains an organic compound such as a porphyrin dielec- 
tric in its core having an absorption that corresponds to 
a transition to a triplet state higher than the triplet state 

75 excited by light. Japanese Patent Laid-open publication 
No. Sho 63-236013 discloses an optical functional 
device which performs switching wherein crystals of a 
cyanine dye such as cryptocyanine are irradiated with 
light of a first wavelength to excite the molecules, the 

20 molecules are irradiated with light of a second wave- 
length different from that of the first wavelength, and 
light of the second wavelength is either transmitted or 
reflected according to the optical excitation state due to 
light of the first wavelength. In Japanese Patent Laid- 

25 open publication No. Sho 64-73326, a light signal mod- 
ulating medium is disclosed comprising a photo- 
induced electron shift material such as a porphyrin die- 
lectric in a matrix material which is irradiated by light of 
a first and second wavelength, and optical modulation is 

30 performed using the difference of absorption spectrum 
between the excited and ground states of the molecule. 
[0009] As optical apparatus used in this prior art, 
Japanese Patent Laid-open publication No. Sho 55- 
100503, Japanese Patent Laid-open publication No. 

35 Sho 55-108603 and Japanese Patent Laid-open publi- 
cation No. Sho 63-89805 disclose a device structure 
wherein a light propagating optica! fiber is wrapped 
around an exciting light source (for example, a flash 
lamp). In Japanese Patent Laid-open publication No. 

40 Sho 53-137884 and Japanese Patent Laid-open publi- 
cation No. Sho 64-73326, a device is disclosed wherein 
the whole of a propagation part corresponding to signal 
light in a light-responsive optical element is irradiated 
with a control light which is not converged, and is in fact 

45 diverged by a means such as a projecting lens. 

[0010] Other methods in the prior art perform mod- 
ulation of light using the refractive index distribution due 
to a thermal effect. In the aforesaid prior art, studies are 
also being carried out on methods to modulate light 

so using the refractive index distribution due to the thermal 
effect. 

[0011] In Japanese Patent Laid-open publication 
No. Sho 59-68723, an optical modulator is disclosed 
wherein an electrical signal passes through a heat emit- 
55 ting resistor, and the wavefront of a light flux is modified 
due to a refractive index distribution in a liquid medium 
in which a refractive index distribution is produced by 
heat from the heat emitting means. It is described that a 
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cycle is performed of the order of kHz or msec from for- 
mation to extinction of the refractive index distribution. 
Further, in Japanese Patent Laid-open publication No. 
Sho 60-130723, a method is disclosed for converting 
near infra-red control light into heat energy in a heat 
absorbing layer, transmitting this heat to a thermal effect 
medium via a near infrared light reflecting layer and vis- 
ible light reflecting layer, and converting the wavefront of 
a light flux incident on the visible light reflecting layer 
using the refractive index distribution produced in the 
thermal effect medium. 

[0012] However, in these methods for modulating 
light using refractive index distribution due to the afore- 
said thermal effect, there is a long the heat propagation 
path until a thermal effect is produced, and as the heat 
is propagated while the surface area of an increased 
temperature part increases relative to the surface area 
of the control beam, the volume and heat capacity of the 
propagation path increases, the usage efficiency of 
energy supplied from the control beam is low, and a 
high speed response cannot be expected. 
[001 3] In all of these prior art techniques, very high- 
density optical power is required to cause a change of 
transmissivity or refractive index that is sufficient for 
practical purposes. The response to optical irradiation is 
slow, fine adjustment of the optical system is necessary, 
and there is a large variation in the control light output if 
there is a slight change in the optical system. For these 
reasons, a practical system has not yet been devel- 
oped. 

[0014] To resolve the above problems in the prior 
art, the following two inventions have been disclosed 
relating to optical control methods and optical control 
devices which aim to induce an optical response of suf- 
ficient magnitude and speed from a photoresponsive 
optical element using as low a power as possible. Japa- 
nese Patent Laid-open publication No. Hei 8-286220 
discloses an optica! control technique wherein control 
light is made incident on an optical element comprising 
a photoresponsive composition, and intensity modula- 
tion and/or light flux density modulation of a signal light 
which passes through the optical element is performed 
by reversibly varying the transmissivity and/or refractive 
index of the signal light in a wavelength region different 
from that ol the control light. The control light and signal 
light are respectively converged and irradiated to the 
optical element, and the optical paths of the control light 
and signal light are arranged so that the regions in 
which the photon densities are highest in the vicinity of 
the foci of the control light and signal light, overlap. In 
Japanese Patent Laid-open publication No. Hei 8- 
1511 33 and Japanese Patent Laid-open publication No. 
Hei 8-286220, a method is disclosed wherein, in a 
diverging signal light flux which has been transmitted 
through or reflected by an optical element, part of the 
flux in a region strongly affected by intensity modulation 
and/or light flux density modulation is separately 
extracted. Another method is disclosed wherein, in a 
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diverging signal light flux which has been transmitted 
through or reflected by an optical element, part of the 
flux in a region strongly affected by intensity modulation 
and/or light flux density modulation is separately 

5 extracted by performing the extraction within an angular 
range (aperture angle) smaller than the divergence 
angle of the flux. Although these are very good meth- 
ods, it is not easy to adjust an optical system to satisfy 
the necessary condition that "the control light and signal 

70 light are respectively converged and irradiated to an 
optical element, and the optical paths of the control light 
and signal light are arranged so that the regions in 
which the photon densities are highest in the vicinity of 
the foci of the control light and signal light, overlap,' and 

75 the result is easily affected by changes in the compo- 
nent elements of the device. 

[0015] It is therefore an object of this invention to 
resolve the above problems, and to provide an optical 
control method and device that provides a sufficiently 

20 strong and rapid optical response from a photorespon- 
sive optical element using as low an optical power as 
possible. It is a further object of this invention to provide 
an optical control method and device that allow easy 
adjustment of an optical system, and allow some toler- 

25 ance therein. 

[001 6] As an example of a method of manufacturing 
a plastic microlens. a method of manufacturing a refrac- 
tive index distribution planolens from an organic poly- 
mer material (plastic) by osmosis and diffusion of a 

30 monomer is disclosed in "M. Oikawa, K. Iga, T. Sanada: 
Jpn. J. Appl. Phys., 20(1), L51-L54 (1981)". In this 
method, a refractive index distribution lens is monolithi- 
cally formed on aflat substrate by a monomer exchange 
technique. For example, methyl methacrylate (n=1.494) 

35 as a low refractive index plastic is diffused into a flat 
plastic substrate of polydiacrylisophthalate (n=1.570) 
which has a high refractive index from a 3.6mm 0 circu- 
lar disk mask. 

[0017] However, to manufacture a flat microlens 

40 having a predetermined refractive index distribution by 
this method, the setting of manufacturing conditions is a 
complex matter, such as the selecting of resin composi- 
tions having different refractive indices but which can be 
processed by the monomer exchange method, select- 

45 ing the size of the above circular disk, and selecting the 
right temperature for monomer exchange. 
[0018] A method of manufacturing a plastic micro- 
lens array by embossing the sheet surface of a thermo- 
plastic polymer compound is described in P.Pantelis, D. 

so J. Mccartney: Pure Appl.Opt. 3(2), 103-108 (1994). It is 
reported that a lens array comprising plural lenses of 
diameter approximately 1 to 2 mm may be manufac- 
tured by a high temperature technique applied to. for 
example, a polycarbonate sheet. In the case of this 

55 method, there is much room for improvement regarding 
the manufacture of the original plate to be embossed. 
[0019] Further, in Y. Koike, A. Kanemitsu, Y. Shioda, 
E. Nihei, Y. Otsuka: Appl. Opt., 33(16). 3394-3400 
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(1994), It is reported that a refractive index distribution 
type polymer ball lens (0 0.5-1. 1mm) having a linear or 
second order spherical refractive index distribution and 
a small spherical aberration was manufactured by sus- 
pension polymerization of an acrylic resin. As can be 
easily understood, according to this method, there are 
many limitations in manufacturing a microlens accord- 
ing to design specifications by simultaneously control- 
ling size and refractive index distribution. 
[0020] This invention was conceived to overcome 
the above defects in the prior art, provide an optical ele- 
ment comprising a plastic microlens in which the size, 
shape and refractive index are controlled, and to pro- 
vide a method of manufacturing the same. 

Disclosure of the Invention: 

[0021 ] To achieve the above objects, an optical ele- 
ment according to a first invention of this application 
comprises at least a light absorption fflm used to per- 
form intensity modulation and/or light flux density mod- 
ulation utilizing a thermal lens effect based on a 
reversible refractive index distribution produced by 
respectively converging a control light and a signal light 
of different wavelengths and irradiating them to the light 
absorption film, the wavelength of the control light being 
selected from the absorption band of the light absorp- 
tion film, and bringing at least the control light to a focus 
in the light absorption film so as to produce a tempera- 
ture rise in the region of the light absorption film which 
absorbed the control light and the surrounding region, 
the thickness of the light absorption film not exceeding 
twice the confocal length of the converged control light 
[0022] Herein, the signal light and control light are 
incident effectively perpendicular to the optical element 
to minimize losses due to reflection. 
[0023] The confocal length mentioned here is the 
distance of an interval over which the light flux con- 
verged by a converging means such as a convex lens 
may be considered substantially parallel in the vicinity of 
the beam waist (focus). When the amplitude distribution 
of the electric field of the advancing beam cross-sec- 
tion, i.e., the energy distribution of the light flux, is a 
Gaussian beam having Gaussian distribution, a confo- 
cal length 2c is given by equation (1) using the circular 
constant rc, a beam waist radius a> 0 and wavelength X. 

2c = 7i u> 0 2 /X (1) 

[0024] Regarding the lower limit of the thickness of 
the light absorption film, it is preferable that this is as 
thin as possible provided that an optical response can 
be detected. 

[0025] To achieve the above object, in an optical 
element according to a second invention of this applica- 
tion as defined in Claim 1, wherein a light transmitting 
heat insulation film is provided in the wavelength band 
of the control light and the signal light on either or both 



sides of the light absorption fflm. 
[0026] To achieve the above object, in an optical 
element according to a third invention of this application 
as defined in Claim 1 or 2, wherein a heat transfer film 

5 is provided on either or both sides of the light absorption 
film when the heat insulation film is not present, and a 
heat transfer film is provided on either or both sides of 
the light absorption film through the intermediary of the 
neat insulation film when the heat insulation film is 

w present. 

[0027] To achieve the above object, in an optical 
element according to a fourth invention of this applica- 
tion as defined in any of Claims 1 to 3, wherein the light 
absorption film and/or heat insulation film and/or heat 

15 transfer film are comprised of self-supporting materials. 
[0028] To achieve the above object, in an optical 
element according to a fifth invention of this application 
as defined in any of Claims 1 to 4, wherein a light 
reflecting film having an aperture large enough for the 

20 converged, irradiated control light and signal light to 
pass, is provided on the control light incidence side of 
the light absorption film, and is laminated on a heat 
insulation film and/or a heat transfer film when a heat 
insulation film and/or a heat transfer film is/are present. 

25 [0029] To achieve the above object, in an optical 
element according to a sixth invention of this application 
as defined in any of Claims 1 to 5. wherein the light 
absorption film contains a pigment or a dye molecular 
aggregate which absorbs light in the wavelength band 

30 of the control light. 

[0030] To achieve the above object, in an optical 
element according to a seventh invention of this applica- 
tion as defined in any of Claims 1 to 6, wherein a light 
transmitting film is laminated on a light absorption film, 

35 heat insulation film or light reflecting film, and a convex 
lens which functions as a converging means for the con- 
trol light is laminated on the incidence side of the control 
light on the light transmitting film. 
[0031] To achieve the above object, in an optical 

40 element according to an eighth invention of this applica- 
tion, wherein a convex lens is formed on a substrate by 
filling a resin into a planoconvex lens cavity between a 
lens plate having at least one depression and the sub- 
strate, an optical function point is arranged at the focus 

45 of the convex lens, and light incident on the optical func- 
tion point is converged by the convex lens so that the 
flux density of the light irradiating the optical function 
point is increased. 

[0032] To achieve the above object, in an optical 
so element according to a ninth invention of this application 
as defined in Claim 8, comprising at least a light absorp- 
tion film wherein intensity modulation and/or light flux 
density modulation is/are performed using a thermal 
lens based on a reversible refractive index distribution 
55 produced by respectively converging a control light and 
a signal light of different wavelengths and irradiating 
them to the light absorption film, the wavelength of the 
control light is selected from the absorption band of the 
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light absorption film, and at least the control light is 
brought to a focus in the light absorption film so as to 
produce a temperature rise in the region of the light 
absorption f ilm which absorbed the control light and the 
surrounding region. 

[0033] To achieve the above object, in an optical 
element according to a tenth invention of this applica- 
tion as defined in Claim 8 or 9, the convex lens is formed 
by heat melting compression of a thermoplastic resin 
powder filled in a convex lens type cavity between the 
lens plate and substrate. 

[0034] To achieve the above object, in a light control 
method according to an eleventh invention of this appli- 
cation, intensity modulation and/or light flux density 
modulation is/are performed using a thermal lens based 
on a reversible refractive index distribution produced by 
respectively converging a control light and a signal light 
of different wavelengths and irradiating them to a light 
absorption film of an optical element according to any of 
Claims 1 to 6 or Claim 9, wherein the wavelength ol the 
control light is selected from the absorption band of the 
light absorption film, and at least the control light is 
brought to a focus in the light absorption film so as to 
produce a temperature rise in the region of the light 
absorption film which absorbed the control light and the 
surrounding region. 

[0035] To achieve the above object, a light control 
method according to a twelfth invention of this applica- 
tion is characterized in that intensity modulation and/or 
light flux density modulation is/are performed using a 
thermal lens based on a reversible refractive index dis- 
tribution produced by respectively irradiating the control 
light and signal light as parallel beams to the convex 
lens of the optical element according to Claim 7 or 9, 
and at least the control light is brought to a focus in the 
light absorption film so as to produce a temperature rise 
in the region of the light absorption film which absorbed 
the control light and the surrounding region. 
[0036] To achieve the above object, there is pro- 
vided a light control method according to a thirteenth 
invention of this application as defined in Claim 11 or 
12, wherein signal light flux in a region strongly affected 
by intensity modulation and/or light flux density modula- 
tion is separately extracted by extracting a signal light 
flux which diverges after it has passed through the opti- 
cal element within an angular range smaller than the 
divergence angle of the signal light flux. 
[0037] To achieve the above object, in a light control 
device according to a fourteenth invention of this appli- 
cation, intensity modulation and/or light flux density 
modulation are performed using a thermal lens based 
on a reversible refractive index distribution produced by 
respectively converging a control light and a signal light 
of different wavelengths and irradiating them to a light 
absorption film of an optical element according to any of 
Claims 1 to 6, the wavelength of the control light being 
selected from the absorption band of the light absorp- 
tion film, so as to produce a temperature rise in the 



region of the light absorption film which absorbed the 
control light and the surrounding region, wherein a con- 
verging means is provided for respectively converging 
the control light and signal light, the optical paths of the 

5 control light and signal light being so arranged that the 
regions in which the photon densities are highest in the 
vicinity of the foci of the control light and signal light 
overlap, and the light absorption film of the optical ele- 
ment is arranged in a position where the regions in 

10 which the photon densities are highest in the vicinity of 
the foci of the control light and signal light overlap. 
[0038] To achieve the above object, in a light control 
device according to a fifteenth invention of this applica- 
tion, intensity modulation and/or light flux density modu- 

75 lation is/are performed using a thermal lens based on a 
reversible refractive index distribution produced by 
respectively converging a control light and a signal light 
as parallel beams respectively and irradiating them to a 
convex lens of an optical element according to Claim 7 

20 or 9. producing a temperature rise in the region of the 
light absorption film which absorbed the control light 
and the surrounding region, wherein a converging 
means is provided for respectively converging the con- 
trol light and signal light, the optical paths of the control 

25 light and signal light being so arranged that the regions 
in which the photon densities are highest in the vicinity 
of the foci of the control light and signal light overlap, 
and the light absorption film of the optical element is 
arranged at a position where the regions in which the 

30 photon densities are highest in the vicinity of the foci of 
the control light and signal light overlap. 
[0039] To achieve the above object, in a light control 
device according to a sixteenth invention of this applica- 
tion as defined in Claim 14 or 15, the means which sep- 

35 arately extracts signal light flux in a region strongly 
affected by intensity modulation and/or light flux density 
modulation is a means which extracts a signal light flux 
which diverges after it has passed though the optical 
element within an angular range smaller than the diver- 
ge gence angle of the signal light flux. 

[0040] To achieve the above object, in a light control 
method according to a seventeenth invention of this 
application, in the light control method for forming a con- 
vex lens by filling a resin in a flat lens cavity between a 

45 lens plate having at least one depression and a sub- 
strate, said lens plate used is manufactured by a 
method wherein a photoresist is coated on a base mate- 
rial surface of the lens plate, etching of the base mate- 
rial is performed after forming a pattern having plural 

50 apertures on the photoresist, and the diameter of the 
apertures is increased as etching proceeds by etching 
the photoresist itself so as to form depressions in the 
base material surface. 

55 
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BRIEF DESCRIPTION OF THE DRAWINGS: 
[0041] 

Fig. 1 is a schematic diagram showing the typical s 
construction of a device used in this invention. 
Fig. 2 is a transmissivity spectrum of an optical ele- 
ment. 

Fig. 3 is a schematic diagram showing a situation in 
the vicinity of the focus of a Gaussian beam con- io 
verged by a condenser lens or the like. 
Fig. 4 is a figure schematically showing a relation 
between a signal light and a control light in an opti- 
cal element. 

Fig. 5 is a figure showing a photosignal intensity is 
time variation of the control light and signal light 
when setting a minimum convergence beam diam- 
eter position near a condenser lens of an optical 
element. 

Fig. 6 is a diagram showing a photosignal intensity 20 
time variation of the control light and signal light 
when setting a minimum convergence beam diam- 
eter position near a receiving lens of an optical ele- 
ment. 

Fig. 7 is a diagram showing a relation of a slit and 25 
an optical beam used for photosignal intensity dis- 
tribution measurement. 

Fig. 8 is a diagram showing the photosignal inten- 
sity distribution of a beam section of the signal light. 
Fig. 9 is a diagram showing the photosignal inten- 30 
sity distribution of a beam section of the signal light. 
Fig. 10 is a diagram showing the photosignal inten- 
sity distribution of a beam section of the signal light. 
Fig. 1 1 is a diagram showing one step in an optical 
element manufacturing process according to this 35 
invention, (a) is a sectional view, (b) is a plan view. 
Fig. 12 is a diagram showing one step of the optical 
element manufacturing process according to this 
invention, (a) is a sectional view, (b) is a plan view. 
Fig. 1 3 is a diagram showing one step of the optical 40 
element manufacturing process according to this 
invention, (a) and (b) are sectional news. Fig. 14 is 
a diagram showing one step of the optical element 
manufacturing process according to this invention 
as a sectional view. is 
Fig. 1 5 is a diagram showing an example of multiple 
planoconvex lenses formed on a substrate in one 
step of the optical element manufacturing process 
according to this invention as a sectional view. 
Fig. 16 is a sectional view showing a typical con- so 
struction of the optical element according to this 
invention. 

Fig. 17 is a sectional view showing a typical con- 
struction of the optical element according to this 
invention. 55 
Fig. 18 is a schematic diagram showing a typical 
construction of a device used in implementing this 
invention. 



Preferred Embodiments of the Invention 

[0042] Hereafter, specific embodiments of this 
invention will be described. 

[Structure of Optical Element] 

[0043] The optical element of this invention has a 
single layer or laminar film type structure. The following 
are typical examples of a structure of this type. 

(1) Light absorption film alone 

(2) Light absorption film/heat insulation film 

(3) Heat insulation film/light absorption film/heat 
insulation film 

(4) Light absorption film/heat transfer film 

(5) Heat transfer film/light absorption film/heat 
transfer film 

(6) Light absorption film/heat insulation film/heat 
transfer film 

(7) Heat transfer film/light absorption film/heat insu- 
lation film 

(8) Heat transfer film/light absorption film/heat insu- 
lation film/heat transfer film 

(9) Heat transfer film/heat insulation film/light 
absorption film/heat insulation film 

(10) Heat transfer film/heat insulation film/light 
absorption film/heat insulation film/heat transfer film 

(11) Convex lens/light transmitting film/optical ele- 
ment according to any of the above (1) to (10). 

When the composition of a laminar film is 
asymmetrical, e.g. in the case of (2) above, "light 
absorption film/heat insulation film", the control light 
may be arranged to be incident from the light 
absorption film side, or from the heat insulation film 
side. Therefore, the composition of a convex 
lens/light transmission layer is for example as fol- 
lows: 

(12) Convex lens/light transmitting film/light absorp- 
tion film/heat insulation film 

(13) Convex lens/light transmitting film/heat insula- 
tion film/light absorption film. 

When a light reflecting film having apertures 
large enough for the converged, irradiated control 
light and signal light to pass is provided on the con- 
trol light incidence side of the light absorption film, a 
light reflecting film is laminated on the heat insula- 
tion film and/or heat transfer film when the heat 
insulation film and/or a heat transfer film are 
present. The composition in that case is as follows. 

(14) Light reflecting film/optical element according 
to any of the above (1) to (1 0) 

(15) Convex lens/light transmitting film/light reflect- 
ing film/ optical element according to any of the 
above (1) to (10) 

[0044] In addition, an antireflection layer may be 
provided on the incidence surface and emitting surface 



1 



11 EP1C 

if needed. 

[0045] A sectional view illustrating the structure of 
the optical element of this invention is shown in Fig. 16. 
As shown in Fig. 16, from the incidence side of a control 
light S1 and signal light S2, the optical element is lami- 
nated in the following sequence: 
convex lens 87/light transmitting film 86/reflecting film 
84 with apertures 83/heat insulation film 81/Iight 
absorption film 80/heat insulation film 81 /heat transfer 
film 82. 

[0046] The materials, manufacturing techniques, 
film thicknesses of the light absorption film, heat insula- 
tion film, heat transfer film and light reflection film, and 
the size of the apertures in the reflecting film, will now 
be described in order. 

[Material of Light Absorption Film] 

[0047] Various materials known in the art may be 
used as the material of the light absorption film in the 
optical element according to this invention. 
[0048] When the optical element of this invention 
has a single layer structure comprising a light absorp- 
tion film alone, the light absorption film must be a self- 
supporting type material. Here, a self-supporting mate- 
rial means a material that can maintain its shape (thin 
film) as an optical element without a support means. For 
example, if it is an inorganic glass material, an optical 
element of several urn thickness and several mm angle 
may be made "self-supporting". On the other hand, 
when forming a light absorption film with a thickness of 
several urn using a material such as polymethylmeth- 
acrylate containing coloring matter, a certain support 
means is required. In such a case, a heat transfer film 
which for example comprises an inorganic glass mate- 
rial must be used in conjunction to function also as a 
support means, as described later. 
[0049] Even if the optical element of this invention is 
a laminar type structure, there is more freedom in the 
design of the structure of the optical element provided 
that the light absorption material itself has self-support- 
ing properties. On the other hand, if the heat insulation 
film and/of heat transfer film that are described later are 
self-supporting, there is no need for the light absorption 
film to be self-supporting. 

[0050] Specific examples of materials having opti- 
cal absorption properties which may be used for the 
light absorption film in the optical element of this inven- 
tion are single crystals of compound semiconductors 
such as for example GaAs, GaAsP, GaAIAs, InP, InSb, 
InAs, PbTe, InGaAsP or ZnSe, dispersions of micropar- 
ticles of the above-mentioned compound semiconduc- 
tors in a matrix material, single crystals of metal halides 
(e.g. potassium bromide or sodium chloride) doped with 
dissimilar metal ions, dispersions of microparticles of 
metal halides (e.g. copper bromide, copper chloride or 
cobalt chloride) in a matrix material, single. crystals of 
cadmium chalcogenides such as CdS, CdSe, CdSeS or 
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CdSeT doped with dissimilar metal ions such as copper, 
dispersions of microparticles of these cadmium chalco- 
genides in a matrix material, single crystal thin films, 
polycrystalline thin films or porous thin films of semicon- 

5 ductors such as silicon, germanium, selenium or tellu- 
rium, dispersions of semiconductor microparticles such 
as silicon, germanium, selenium or tellurium in a matrix 
material, single crystals of precious stones doped with 
metal ions ("laser crystals") such as ruby, alexandrite, 

70 garnet, Nd:YAG, sapphire. Ti: sapphire and Nd:YLF, lith- 
ium niobate (LiNb0 3 ) doped with metal ions (e.g. fer- 
rous ion), ferroelectric crystals such as LiB 3 0 5 , LiTa0 3 , 
KTiOP0 4 , KH 2 P0 4 , KNb0 3 and BaB 2 0 2 . quartz glass 
doped with metal ions (e.g. neodymium ions, erbium 

j 5 ions, etc.), soda glass, glass borosilicate, other glass, 
and solutions of dyes or dispersions of pigments in a 
matrix material. 

[0051 ] A solution of a dye or dispersion of a pigment 
in a matrix material is especially suitable for the pur- 

20 poses of this invention since a wide range of matrix 
materials and dyes or pigments is available, and it 
allows easy fabrication of the optical element. 
[0052] Examples of dyes and pigments which can 
be used by this invention are xanthene dyes such as 

25 rhodamine B, rhodamine 6G, eosine and phloxine B; 
acridine dyes such as acridine orange and acridine red, 
azo dyes such as ethyl red and methyl red; porphyrin 
dyes; phthalocyanine pigments; cyanine dyes such as 
3,3'-diethylthiacarbocyanin iodide and 3,3*-diethyloxadi- 

30 carbocyanin iodide, and triarylmethane dyes such as 
ethyl violet and Victoria Blue R. 
[0053] In this invention, these dyes and pigments 
may be used alone or two or more types may be mixed 
together and used concurrently. 

35 [0054] Matrix materials that can be used in this 
invention may be any matrix materials provided they 
have the following characteristics: 

(1) high transmissivity in the wavelength region of 
40 the light used in the optical control method of this 

invention, 

(2) ability to stably dissolve or disperse pigments or 
various microparticles used in this invention, 

(3) self-supporting properties if necessary. 

45 

[0055] Inorganic matrices that may be used com- 
prise, for example, single crystals of metal halides. sin- 
gle crystals of metal oxides, single crystals of metal 
chalcogenides, fused quartz, soda glass, glass borosili- 
so cate and low melting point glass materials manufac- 
tured by the sol-gel method. 

[0056] Organic matrices that may be used com- 
prise, for example, various organic polymer materials. 
[0057] To dissolve or disperse a pigment in these 
55 matrix materials, known methods may be used. These 
include, for example, a method wherein, after dissolving 
the pigment and matrix material in a common solvent, 
the solvent is removed by evaporation; a method 
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wherein the matrix material is formed after dissolving or 
dispersing the pigment in an inorganic matrix material 
starling solution preparing sol-gel technique; a method 
wherein the matrix material is formed by dissolving or 
dispersing the pigment in a monomer ol an organic pol- 5 
ymer type matrix material optionally using a solvent, 
and polymerizing or polycondensing the monomer to 
form the matrix material; and a method wherein the pig- 
ment and a thermoplastic organic polymer matrix mate- 
rial are dripped into an insoluble solvent, the precipitate w 
produced is filtered and dried, and heat/fusion process- 
ing is performed. It is known that pigment molecules 
may be aggregated to form special associates, referred 
to as "H aggregates" and "J aggregates", by suitable 
combinations and processing of the pigment and matrix 75 
material, and the pigment molecules in the matrix mate- 
rial may be used under conditions in which these aggre- 
gate states or associates form. 

[0058] Known methods can also be used to dis- 
perse various types of microparticles within these 20 
matrix materials. These include for example a method 
wherein the microparticles are dispersed in a solution of 
the matrix material or a solution of a precursor of the 
matrix material and the solvent is removed; a method 
wherein the microparticles are dispersed in a monomer 25 
of an organic polymer type matrix material together with 
a solvent optionally, and the monomer is polymerized or 
polycondensed to form the matrix material; a method 
wherein microparticles of cadmium sulfide, formed by 
dissolving or dispersing a metal salt such as for exam- 30 
pie cadmium perchlorate or gold chloride in an organic 
polymer matrix material and treating with hydrogen 
sulfide gas, or microparticles of gold formed by heat 
treatment, are deposited in a matrix material; chemical 
vapor deposition; and sputtering. 35 
[0059] Additionally, in order to improve workability, 
stability and durability for use as an optical element, the 
light absorbing material used in this invention may com- 
prise antioxidants, ultraviolet absorbing agents, singlet 
oxygen quenchers and dispersion agents as additives 40 
to the extent that they do not interfere with its functions. 

[Material of Heat Insulation Film] 

[0060] A gas, liquid or solid can be used as the 45 
material of the heat insulation film. When the film is not 
self-supporting, such as in the case where the material 
of the heat insulation film is a gas or liquid, the fight 
absorption film and heat transfer film can be manufac- 
tured from a self-supporting material, a space corre- so 
sponding to the thickness of the heat insulation film may 
be provided, and the heat insulation film provided by 
injecting the gas or liquid into this space. When the heat 
insulation film is a solid, it may be laminated on the light 
absorption film. 55 
[0061] The thickness of the heat insulation film also 
depends on the type of material, but it may be in a range 
from several nm to several hundred jim , and more pref- 



erably in a range from several tens of nm to several tens 
of fim . 

[0062] When a gas is used as the heat insulation 
film, in addition to air, inert gases such as nitrogen, 
helium, neon and argon may conveniently be used. 
[0063] When a liquid is used as the heat insulation 
film, any desired liquid may be used provided that it is a 
material which has a heat transfer coefficient equal to or 
less than that of the optical absorbing film, provided that 
it transmits control light and signal light, and provided 
that it does not dissolve or corrode the material of the 
light absorption film. For example, when the light 
absorption film is formed from polymethylmethacrylate 
comprising a cyanine dye, liquid paraffin may be used. 
[0064] When a solid is used as the heat insulation 
film, any desired solid may be used provided that it is a 
material which has a heat transfer coefficient equal to or 
less than that of the light absorption film, provided that it 
transmits control light and signal light, and provided that 
it does not react with the material of the light absorption 
film or of the heat insulation film. For example, when the 
light absorption film is formed from polymethylmethacr- 
ylate comprising a cyanine dye, polymethylmethacr- 
ylate not comprising a pigment, "heat transfer rate 
O.ISWrrf 1 K' 1 at 300K", may be used as the heat insula- 
tion film. 

[Material of Heat Transfer Film] 

[0065] The heat transfer film preferably has a heat 
transfer coefficient greater than that of the light absorp- 
tion film, and any desired material may be used pro- 
vided that it transmits the control light and signal light 
and does not react with the light absorption film or the 
heat insulation film. Suitable materials which may be 
used as that heat transfer film which have a high heat 
transfer coefficient and a low optical absorption in the 
wavelength band of visible light are, for example, dia- 
mond, (heat transfer coefficient 900Wm' 1 K" 1 at 300K), 
sapphire (heat transfer coefficient 46Wm* 1 rC 1 at 300K), 
quartz single crystals (heat transfer coefficient 10.4Wm' 
1 K" 1 at 300K on c axis), fused quartz (heat transfer coef- 
ficient 1.38Wm' 1 K' 1 at 300K) and hard glass (heat 
transfer coefficient I.IOWm'V 1 at 300K). 

[Material of Light Reflecting Film] 

[0066] Any desired material may be used as the 
light reflecting film provided that it transmits the control 
light and signal light and does not react with the materi- 
als of the light absorption film, the heat insulation film or 
the heat transfer film. Aluminum or gold metal foil, or 
dielectric multilayer films comprising alternating lami- 
nated films of titanium oxide and silicon oxide, are suit- 
able for use. 
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[Material of Convex Lens] 

[0067] In one form of the optical element according 
to this invention, a convex lens is laminated on the inci- 
dence side of the control fight on the light transmitting 
film as a means of converging the control light. The 
material of this convex lens may be any material known 
in the art. For example, suitable materials are plastics 
such as polymethylmethacrylate type resins and optical 
glass. 

[Material of Light Transmitting Film] 

[0068] In one form of the optical element according 
to this invention, a convex lens is laminated on the inci- 
dence side of the control light on the light transmitting 
film as a means of converging the control light. The 
material of the light transmitting film may be identical to 
the material of the solid heat insulation film and/or heat 
transfer film. 

[Method of Manufacturing Optical Element] 

[0069] The method of manufacturing of the optical 
element of this invention is selected according to the 
construction and type of material used for the optical 
element, and any method known in the art may be used. 
[0070] For example, when the material of the light 
absorption film used in the optical element comprises 
the single crystals mentioned here above, the light 
absorption film may be manufactured by cutting/polish- 
ing of a single crystal. 

[0071] When preparing an optical element of a 
"light absorption film/heat transfer film" type laminar 
construction wherein the light absorption film is formed 
from a matrix material comprising a pigment, and the 
heat transfer film is formed from an optical glass, the 
light absorption film can be prepared by the following 
methods. 

[0072] Coating techniques such as coating, blade 
coating, roll coating, spin coating, dipping and spray 
coating of a solution containing a pigment and matrix 
material on a glass plate used as a heat transfer film. 
[0073] Printing techniques such as plate, 
embossed plate, letterpress, aperture plate, screen and 
transfer. 

[0074] In this case, a method of manufacturing an 
inorganic matrix material by a sol-gel technique can 
also be used for the formation of a light absorption layer. 
[0075] Electrochemical film-forming techniques, 
such as electro deposition, electrolytic polymerization 
and micelle electrolysis (Japanese Patent Laid-open 
publication No. Sho 63-243298), can be used. 
[0076] The Langmuir-Blodgett technique that dis- 
places a monomolecular film formed on water can also 
be used. 

[0077] When the organic polymer tape matrix mate- 
rial which forms a light absorption film is thermoplastic, 
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an optical element having a "heat transfer film/light 
absorption layer/heat transfer layer" structure can be 
prepared by the hot press method (Japanese Patent 
Laid-open publication No. Hei 4-99609) by incorporating 

5 a glass plate as heat transfer film. 

[0078] If the monomer is a liquid, for example, 
methods of using a polymerization or polycondensation 
reaction of a starting material monomer include the 
casting method, reaction injection molding, plasma 

70 polymerization and photopolymerization. 

[0079] Methods such as sublimation transfer, depo- 
sition, vacuum deposition, ion beam, sputtering, plasma 
polymerization, chemical vapor deposition and organic 
molecular beam deposition, can also be used. 

75 [0080] A method of manufacturing a compound 
optical thin film (Japanese Patent No. 2599569) can be 
used wherein an organic optical material of two or more 
components is sprayed as a solution or a dispersion into 
a high vacuum container from a spray nozzle provided 

20 for each component, deposited on a substrate, and sub- 
jected to heat treatment. 

[0081 ] The above methods of manufacturing a solid 
light absorption film may also conveniently be applied 
to, for example, a heat insulation film comprising a solid 
25 organic polymer material. 

[Method of Providing Apertures in Light Reflecting Film] 

[0082] One of the embodiments of the optical ele- 
30 ment according to this invention is characterized in com- 
prising a light reflecting film having apertures of 
sufficient size for the above-mentioned converged, irra- 
diated control light and signal light to pass, and any 
methods known in the art may be used to provide these 
35 apertures in the light reflecting film. For example, these 
apertures may be provided by coating a photoresist on 
a light reflecting film comprising a metal deposition film 
on a glass heat transfer film, and apertures provided by 
the technique of photo etching according to the usual 
40 method. The shape and size of the apertures will be 
described later. 

[Calculation of Beam Waist Diameter] 

45 [0083] Hereafter, the case will be described of a 
Gaussian beam wherein the amplitude distribution of 
the electric field of the advancing beam cross-section, 
i.e. the energy distribution of the light flux, is a Gaussian 
distribution. In addition, in the following description, the 

so case is described where a condenser lens (convex lens) 
is used as a beam converging means, but the situation 
is the same even if the converging means is a concave 
mirror or a refractive index distribution lens. 
[0084] Fig. 3 shows the light flux and wavefront 30 

55 in the vicinity of the focus Fc when a Gaussian beam is 
converged to a divergence angle of 26 by a condenser 
lens 7. Here, the position where the diameter 2co of a 
beam of wavelength X becomes a minimum is called the 
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"beam waist." Hereafter, the beam waist diameter will 
be represented by 2coo. Due to diffraction, 2coo is never 
zero and has a finite value. The beam radii co and q>q are 
defined as distances from the center of the beam where 
the energy becomes 1/e 2 (e is the base of the natural 5 
logarithm), based on the energy at the center of a Gaus- 
sian beam. The photon density is of course a maximum 
at the center of the beam waist. 
[0085] In the case of a Gaussian beam, the beam 
divergence angle 6 at a sufficiently great distance from 10 
the beam waist is related to the wavelength X and the 
beam waist diameter o> 0 by the following equation (2). 



e 



co 0 = x 



(2) 



2co 0 **. K • X/NA 



When a/ co =1 



K = 0.92 



When a/u) =2 K = 1.3 

When a/co = 3 K = 1.9 

When a/co = 4 K ~ 3 



75 



Here, n is the circular constant. 

[0086] Using this equation subject to the condition 
of "sufficiently far from the beam waist", the beam waist 
diameter coq condensed by the condenser lens can be 
calculated from the beam radius co incident on the con- 20 
denser lens, and the numerical aperture and focal 
length of the condenser lens. 

[0087] Further, the beam waist diameter 2coq when 
a parallel Gaussian beam (wavelength X) having a 
beam radius co is converged by a condenser lens of 25 
effective aperture radius a and numerical aperture NA 
can generally be expressed by the following equation 
(3). 



(3) 30 



[0088] Here, as the coefficient K cannot be deter- 
mined algebraically, it may be determined by performing 
a numerical analysis calculation of the photosignal 
intensity distribution on the lens-imaging surface. 35 
[0089] When the ratio of the beam radius co incident 
on the condenser lens and the effective aperture radius 
a of the condenser lens is varied, and a numerical anal- 
ysis calculation is performed, the value of the coefficient 
K of equation (3) can be found as follows. 40 



45 



50 



[0090] In other words, the more the beam radius co 
is smaller than the effective aperture radius a of the con- 
denser lens, the more the beam waist diameter coq 
increases. 

[0091] For example, when a lens of focal length 
6.2mm, numerical aperture 0.65 and effective aperture 55 
radius of approx. 4mm is used as condenser lens to 
converge a signal light of wavelength 694nm, if the 
beam radius co incident on the condenser lens is 4mm, 



a/co is approximately 1 , and the beam waist radius coq is 
0.49nm . If co is 1mm, a/co is approximately 4 and coq is 
1.6gm . Likewise, when a control light of wavelength 
633nm is converged, if the beam radius co is 4mm, a/co 
is approximately 1 and the beam waist radius coq is 
0.45fim . If co a is 1 mm, a/co is approximately 4 and co 0 is 
1 .5ym . 

[0092] As can be understood from these example 
calculations, to minimize the cross-sectional area of the 
beam in the region where the photon density in the 
vicinity of the focus of the condenser lens is highest, i.e. 
the beam waist, the beam diameter should be 
expanded to the maximum at which the condenser lens 
can receive light (beam expansion). It is also seen that 
for the same beam diameter incident on the condenser 
lens, the beam waist diameter is smaller the shorter the 
wavelength of the light. 

[0093] To increase the optical response in the light 
control method of this invention, it is desirable to set the 
shape and size of the beam cross-sections of the signal 
light and control light so that the beam cross-sectional 
area of the signal light in the region where the photon 
density in the vicinity of the focus is the highest, does 
not exceed the beam cross- sectional area of the control 
light in the region where the photon density in the vicin- 
ity of the focus is the highest. If Gaussian beams are 
used for the signal light and control light, according to 
the above description and equations, the beam cross- 
sectional area of the signal light in the region where the 
photon density in the vicinity of the focus is the highest 
can be prevented from exceeding the beam cross-sec- 
tional area of the control light in the region where the 
photon density in the vicinity of the focus is the highest, 
by suitably adjusting the beam diameters of the signal 
light and control light according to wavelength and per- 
forming beam expansion if necessary using a parallel 
beam before convergence by a condensing means such 
as a condenser lens. Beam expansion may be per- 
formed by a means known in the art such as a Kepler 
optical system comprising for example two convex 
lenses. 

[Calculation of Confocal Length 2c] 

[0094] As stated previously, in the case of a Gaus- 
sian beam, in the vicinity of the beam waist of the light 
flux converged by a condensing means such as a con- 
vex lens, i.e. within the interval of the confocal length 2c 
spanning the focus, the converged beam may be con- 
sidered to be a substantially parallel light beam, and the 
confocal length Zc may be expressed by equation (1) 
using the circular constant n, beam waist radius co 0 and 
wavelength X. 



Zc = 71 co n /X 



(D 



[0095] Substituting co 0 of equation (1) into equation 
(3), equation (4) is obtained. 
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Zc =. n (K/NA) 2 m (4) 

[0096] The numerical aperture NA, effective aper- 
ture radius a and focal distance r may be found from 
equation (5). 

NA = a/r (5) 

[0097] For example, when a lens of focal length 
6.2mm, numerical aperture 0.65 and effective aperture 
radius of approx. 4mm is used as condenser lens to 
converge a signal light of wavelength 694nm, if the 
beam radius o incident on the condenser lens is 4mm, 
a/a> is approximately 1, the beam waist radius coq is 
0.49nm and the confocal length Zc is 1.09nm . If o> is 
1 mm, a/u) is approximately 4, idq is 1 .6fim and the con- 
focal length Zc is 1 1 .6*xm. Likewise, when a control light 
of wavelength 633 nm is converged, if the beam radius <o 
is 4mm, a/<o is approximately 1, the beam waist radius 
(x> 0 is 0.45nm and the confocal length Zc is 0.996^m . If 
oo is 1mm, a/co is approximately 4, o> 0 is LS^m and the 
confocal length Zc is 10.6^m . 

[Optimum Film Thickness of Light Absorption Film] 

[0098] A sample was prepared, adjusting the pig- 
ment density and film thickness so that the product of 
the film thickness and pigment density was constant so 
as to achieve a constant optical density of the light 
absorption film. As a result of various experiments, it 
was found that a sufficiently fast optical response of the 
light control method of this invention could be obtained 
by setting twice the confocal length calculated as 
described above as an upper limit of the film thickness 
of the light absorption film. 

[0099] Regarding the lower limit of the film thick- 
ness of the light absorption film, provided that an optical 
response can be detected, the thinner the film, the bet- 
ter. 

[Film Thickness of Heat Insulation Film] 

[01 00] There are optimum values (a minimum value 
and a maximum value) of the film thickness of the heat 
insulation film which increase the magnitude and/or 
rapidity of the optical response of the heat insulation 
film. The values can be experimentally determined 
according to the composition of the optical element, the 
material and thickness of the light absorption film, the 
material of the heat insulation layer, and the material 
and thickness of the heat transfer film. 

[Film Thickness of Heat Transfer Film] 

[01 01 ] There is also an optimum value (in this case, 
a minimum value) of the film thickness of the heat trans- 
fer film that increases the magnitude and/or rapidity of 
the optical response of the heat insulation film. The 



value can be experimentally determined according to 
the composition of the optical element, the materia! and 
thickness of the light absorption film, the material and 
thickness of the heat insulation layer, and the material of 
5 the heat transfer film. 

[Function, Shape and Size of Apertures in Light Reflec- 
tion Film] 

10 [01 02] In the optical element of this invention, when 
the heat insulation film and/or heat transfer film are 
present, adjustment of the optical axes of the con- 
verged, irradiated control light and signal light is simpli- 
fied by providing the light reflecting film with apertures 

75 large enough for this control light and signal light to pass 
on the control light incidence side of the light absorption 
film via the heat insulation film and/or heat transfer film. 
The positions of the optical axes of the signal light and 
control light are optimized by a simple adjustment of the 

20 optical axes of the signal light and control light so that 
the amount of signal light and control light passing 
through the aperture is maximized in each case. 
[0103] To the extent that the apertures fulfill their 
function, the shape and size of the apertures should be 

25 such as to effectively transmit the light flux of the signal 
light and control light. If the signal light and control light 
are Gaussian beams, the light flux cross-section is cir- 
cular, and it is therefore desirable that the shape of the 
apertures is also circular. As for the radius of the circular 

30 apertures, it is desirable that this is equivalent to the 
beam radius of the signal light and control light passing 
through the apertures. It must be noted here that when 
the radius of the apertures is too small, interference of 
light becomes conspicuous. As a specific guideline, it is 

35 desirable that the diameter of the apertures is not less 
than 100 times the wavelength of the signal light and 
control light. Normally, since the signal light and control 
light having a diameter in the order of millimeters pass 
though the apertures after being "converged", the size 

40 of the apertures can be increased larger than the afore- 
said value by adjusting the set position of the light 
reflecting film with the apertures. 

[Method of Manufacturing Convex Lens) 

45 

[0104] One of the optical element embodiments of 
this invention is characterized in that a convex lens is 
laminated on the control light incidence side on the light 
transmitting film as a means of converging the control 
so light. This convex lens is preferably manufactured by the 
method of this invention, however, any method known in 
the art may be used. 

[0105] For example, a refractive index distribution 
type convex lens may be manufactured from an inor- 
55 ganic glass type material using an inorganic ion diffu- 
sion phenomenon [M.Oikawa, K. Iga: Appl. Opt., 21(6), 
1052-1056(1982)]. A mask is attached to a glass sub- 
strate, a circular window of diameter approximately 
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lOO^m is formed by photolithography, the assembly is 
immersed in a fused salt and a refractive index distribu- 
tion is formed by ion exchange. This ion exchange is 
promoted by applying an electric field for several hours, 
and a lens of diameter 0.9mm, focal length 2mm and 
numerical aperture NA = 0.23 is thereby formed. 
[0106] In methods of this type, the "mask" used in 
forming the convex lens in the substrate may be used in 
conjunction with the "light reflecting film with apertures 
large enough for the converged, irradiated control light 
and signal light to pass" in the optical element of this 
invention. 

[Material of Microlens) 

[0107] As the material of the microlens in the 
method of manufacturing an optical element according 
to this invention, a thermoplastic polymer compound 
known in the art for its application to plastic micro lenses 
can be used. 

[Material of Original Plate] 

[0108] As the material of the original plate in the 
method of manufacturing an optical element according 
to this invention, a metal material suitable for the tech- 
nique of photolithography can be used. For example, 
titanium, chromium and their alloys are suitable. 

[Optical Functions] 

[0109] In one embodiment of the optical element 
according to this invention, a convex lens is formed on a 
substrate, an optical function part is arranged at the 
focus of the convex lens, different types of light which 
are incident on the optical function part are each con- 
verged by the convex lens, and the light flux density is 
increased, therefore the light flux having increased den- 
sity irradiates the optical function part. "Optical function" 
means any optical function known in the art, used either 
alone or in conjunction with another optical function. 
Examples of light-emitting phenomena which may be 
used are fluorescence, phosphorescence and heat- 
stimulated emission (stored light), changes in absorp- 
tion spectra such as photochromism and light-stimu- 
lated thermochromism, (reversible) photochemical 
reactions such as photoisomerism, and phenomena 
such as photoexcited orientation changes of liquid crys- 
tals, phase changes, photoconduction phenomena, 
photoelectromotive force, thermal lens effects, absorp- 
tion saturation, photorefractive phenomena and optical 
Kerr effects. 

[0110] These phenomena may be applied as opti- 
cal sensors. In this case, a sensor output can be 
extracted corresponding to each convex lens, and as 
the incident light is converged by each convex lens to 
irradiate the optical function part, high sensitivity sens- 
ing with a good signal/noise ratio can be performed. 
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[0111] Hereafter, specific embodiments of this 
invention will be described in detail with reference to the 
drawings. 

5 [Embodiment 1] 

[01 12] A schematic view of an optical control device 
according to this embodiment is shown in Fig. 1. 
[0113] The optical control device of this invention 

io which is shown in outline in Fig. 1 , comprises a control 
light source 1, a signal light source 2, an ND (neutral 
density) filter 3, a shutter 4, a half-transmitting mirror 5, 
a light mixing instrument 6. a condenser lens 7, an opti- 
cal element 8 of this invention, a light receiving lens 9, a 

75 wavelength selection transmitting filter 20, a diaphragm 
19, photodetectors 1 1 and 22, and an oscilloscope 100. 
Of these optical elements or optical parts, the control 
light source 1 , signal light source 2. light mixing instru- 
ment 6, condenser lens 7, optical element 8, light 

20 receiving lens 9 and wavelength selection transmitting 
filter 20 are indispensable component elements for 
implementing the optical control method of this inven- 
tion by the construction shown in Fig. 1. The ND filter 3, 
shutter 4 and half-transmitting mirror 5 are provided 

25 optionally, and although the photodetectors 1 1 , 22 and 
oscilloscope 100 are not required to implement the con- 
trol method of the invention, they are used as necessary 
electronic devices for confirming an optical control oper- 
ation. 

30 [0114] Next, the features and operation of each 
component element will be described. 
[0115] A laser device may be used as the control 
light source 1. The oscillation wavelength and output 
are suitably selected according to the wavelength of the 

35 signal light which is the object of the optical control 
method of this invention, and according to the optical 
absorption properties of the light absorption film used. 
There is no particular restriction on the method of laser 
oscillation, and any method may be used depending on 

40 the oscillation wavelength band, output and economical 
efficiency, etc. The light of the laser light source may 
also be used after a wavelength transformation by a 
nonlinear optical element. Specifically, a gas laser such 
as an argon ion laser (oscillation wavelength 457.9 to 

45 514.5nm) or helium-neon laser (633nm) t a solid-state 
laser such as a ruby laser or Nd:YAG laser, a dye laser 
or a semiconductor laser may be used. 
[0116] As the signal light source 2, not only coher- 
ent light from a laser light source but also non-coherent 

so light may be used. Moreover, in addition to light sources 
which give monochromatic light such as laser devices, 
light-emitting diodes and neon discharge tubes, the 
continuous spectra from, for example, a tungsten fila- 
ment lamp, metal halide lamp, or xenon discharge tube 

55 may be rendered monochromatic by an optical filter or 
monochromator. 

[0117] Hereafter, an embodiment will be described 
where the light emitted from a semiconductor laser 
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(oscillation wavelength 694nm, continuous oscillation 
power 3mW) as the signal light source 2 is beam- 
shaped to give a parallel Gaussian beam of diameter 
approximately 8mm, and a helium-neon laser (oscilla- 
tion wavelength 633nm, collimated beam of beam diam- 5 
eter approximately 2mm, wherein the beam cross- 
section energy distribution is a Gaussian distribution) is 
used as the control light source 1. 
[01 18] The ND filter 3 is not indispensable, but it is 
useful to avoid a laser light of higher power than neces- 10 
sary from being incident on the optical parts and optical 
elements comprising the device, and to adjust the pho- 
tosignal intensity of the control light in performing tests 
of the optical response of the optical element of this 
invention. In this embodiment, several types of ND filters 75 
were used interchangeably for the latter object. 
[0119] The shutter 4 is used to cause the continu- 
ous oscillation laser light used as control light to flash in 
a pulse-like fashion, but it is not indispensable to imple- 
menting the optical control method of this invention. 
When the control light source 1 is a laser which has a 
pulse oscillation, and is a light source of a type where 
the pulse width and oscillation interval can be control- 
led, or when a laser light which is previously pulse-mod- 
ulated is used as the light source 1 . the shutter 4 need 
not be provided. 

[01 20] When the shutter 4 is used, any type of shut- 
ter such as an optical chopper, mechanical shutter, liq- 
uid crystal shutter, optical Kerr effect shutter, Pockel cell 
or optoacoustic element may be conveniently selected 
from the viewpoint of the operating speed of the shutter 
itself. 

[0121] According to this embodiment, the half- 
transmitting mirror 5 is used to constantly monitor the 
photosignal intensity of the control light in this embodi- 
ment when the operation of the control method of the 
invention is tested, and its light splitting ratio may be set 
as desired. 

[01 22] The photodetectors 1 1 , 22 are used to elec- 
trically detect the way in which the photosignal intensity 
is changing due to the optical control of this invention, to 
verify it, and to examine the function of the optical ele- 
ment of this invention. The form of the photodetectors 
11, 22 is arbitrary, and may be suitably selected from 
the viewpoint of the response speed of the detector 
itself. For example, a photomultiplier tube, photodiode 
or phototransistor may be used. 
[0123] The light signal received by the photodetec- 
tors 11 and 22 may be monitored by the oscilloscope 
100, or by a combination (not shown) of an A-D con- 
verter and a computer. 

[0124] The light mixing instrument 6 is used to 
adjust the optical path of the control light and signal light 
which propagates inside the optical element, and it is an 
important component element in implementing the opti- 
cal control method and optical control device of this 
invention. A polarized beam splitter, an unpolarized 
beam splitter or a dichroic mirror can be used, and the 



light splitting ratio may be set as desired. 
[01 25] The condenser lens 7, which is a common 
converging means for the signal light and control light, is 
used to converge the signal light and control light which 
have been adjusted so that their optical paths are iden- 
tical, and irradiate the signal light and control light to the 
optical element. It is a component element indispensa- 
ble to implementing the optical control method and opti- 
cal control device of this invention. The lens 
specification, i.e. the focal length, numerical aperture, F 
value, lens composition and lens surface coating of the 
condenser lens, may be selected as desired. 
[0126] In this embodiment, the case will be 
described where a microscope objective lens having a 
focal length of 6.2mm, numerical aperture of 0.65 and 
effective aperture radius of 4.03mm is used as the con- 
denser lens 7. 

[01 27] The light beam radius <mq in the region where 
the photon density is the highest in the vicinity of the 
focus of this condenser lens, i.e. in the beam waist, is 
1.5*im and the confocal length 2c is 10.6jim for control 
light of wavelength 633nm and beam diameter 2mm as 
in the case of the typical calculations using eqn. (2) and 
eqn. (4) shown above. 

[0128] Likewise, for signal light of wavelength 
694nm and beam diameter 8mm. the light beam radius 
oiQ in the beam waist is 0.49|im. In other words, the rela- 
tion between the magnitudes of the control light and sig- 
nal light beam in the beam waist is approximately 3:1 in 
terms of beam diameter and approximately 10:1 in 
terms of beam cross-sectional area, i.e., the control light 
is predominant. 

[01 29] The relation of the control light S1 and signal 
light S2 inside the optical element is schematically 
shown in Fig. 4. 

[0130] Thus, by increasing the beam size of the 
control light compared with the signal light in the beam 
waist, it is easy to adjust the optical system so that the 
region in which the energy density of the control light 
converged beam in the vicinity of the focus of the con- 
denser lens is highest, overlaps the region in which the 
energy density of the signal light converged beam is the 
highest, and the system is less susceptible to the effect 
of modifications of the optical system. Specifically, it is 
unnecessary for the centers of the optical axes of the 
control light and signal light to exactly coincide with one 
another, and the system can be adjusted so that the 
region in which the energy density of the signal light 
converged beam is the highest does not deviate from 
the region where the energy density of the control light 
converged beam is the highest even if the beam posi- 
tions of the control light and signal light fluctuate or drift 
to some extent. 

[0131] The light-receiving lens 9 is a means for 
restoring the signal light and control light which have 
converged, irradiated the optical element 8 and been 
transmitted through it, to parallel and/or converged 
beams, and to obtain a signal light of sufficient magni- 
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tude with good reproducibility, a lens of smaller aperture 
than the aperture of the condensing lens 7 is used. In 
this embodiment, a microscope lens of numerical aper- 
ture 0.4 was used as the light-receiving lens 9. By mak- 
ing the aperture of the light receiving lens 9 smaller than 
that of the condenser lens 7, that part of the signal light 
flux in a region strongly affected by photosignal intensity 
modulation and/or light flux density modulation can be 
separately extracted so that signal light of sufficient 
magnitude can be detected with good reproducibility. 
Even if the lens aperture is large, the aperture may be 
effectively reduced by inserting the diaphragm 19 caus- 
ing only the center part of the light flux to be incident on 
the photodetector, but it is economical to use a light- 
receiving lens of small aperture. A concave mirror may 
also be used instead of the condenser lens and light- 
receiving lens. 

[0132] The wavelength selection transmitting filter 
20 is an indispensable component for implementing the 
optical control method of this invention shown in Fig. 1 , 
and it is used as a means for extracting only the signal 
light from the signal light and control light which have 
propagated over the same optical path in the optical ele- 
ment. 

[01 33] As a means of separating the signal light and 
control light having different wavelengths, a prism, dif- 
fraction grating or dichroic mirror may also be used. 
[01 34] . As wavelength selection-transmitting filter 20 
used in the device of Fig. 1 1 any wavelength selection- 
transmitting filter known in the art may be used provided 
that it completely blocks light in the wavelength band of 
the control light, and efficiently transmits light in the 
wavelength band of the signal light. For example, plastic 
and glass colored with a pigment, or glass whereof the 
surface is coated with a dielectric multilayer deposition 
film can be used. 

[0135] As one form of the optical element of this 
invention, a heat transfer film/light absorption film/heat 
transfer film type optical element 8 were prepared, for 
example, by the following procedure. 57.4mg of the cya- 
nine dye, 3,3 -diethyloxa- dicarbocyanine iodide (com- 
mon name DODCI, Exciton Co.) and 1942.6mg of 
poly(2-hydroxypropylmethacrylate) were dissolved in 
200ml acetone, the resulting solution was stirred into 
600m! n-hexane, the precipitate (dye and polymer mix- 
ture) which separated was filtered, washed with n-hex- 
ane and dried under reduced pressure, and the product 
was crushed. The dye and polymer powder mixture 
obtained was heated for two days at 100°C under ultra 
high vacuum of less than 10* 5 Pa, volatile components 
such as residual solvent were completely removed, and 
a powder of a dye/polymer mixture was thereby 
obtained. 20mg of this powder was inserted between a 
slide glass (25mm x 76mm x thickness 1.150mm) used 
as heat transfer film and an identical cover glass (1 8mm 
x 18mm x thickness 0.150mm), and heated to 160°C 
under vacuum. A light absorption film of 20jim thickness 
was thereby prepared as a dye/polymer film between a 



slide glass/cover glass by nipping the two glass plates 
together under pressure (vacuum hot press method). 
The confocal length of the control light (wavelength 
633nm, beam diameter 2mm) which was converged 

5 and irradiated to this light absorption film, was calcu- 
lated to be 10.6|im as described here above. In other 
words, the thickness of the above-mentioned light 
absorption film does not exceed twice the confocal 
length of the control light. 

10 [01 36] The dye density in the dye/polymer film was 
6.26x1 0" 2 mol/l, taking the density of the dye/polymer 
mixture as 1 .06. 

[0137] The transmissivity spectrum of the optical 
element prepared as described above is shown in Fig. 

75 2. The transmissivity of this film was 38.3% for the 
wavelength (633nm) of the control light, and 90.3% for 
the wavelength (694nm) of the signal light. 
[01 38] In the optical apparatus of Fig. 1 which com- 
prises the above components, the optical beam of the 

20 control light emitted from the optical source 1 passes 
through the ND filter 3 for adjusting transmitted light 
intensity by adjusting transmissivity. passes through the 
shutter 4 for making the control light flash in a pulse-like 
fashion, and is split by the half -transmitting mirror 5. 

25 [01 39] Part of the control light split by the half-trans- 
mitting mirTor 5 is received by the photodetector 11. 
Here, if the relation between the photosignal intensity in 
the light beam irradiation position to the optical element 
8 and the photosignal intensity of the photodetector 1 1 

30 is previously measured in the state where the optical 
source 2 is OFF. the optical source 1 is ON and the 
shutter 4 is open, and a calibration curve is prepared, 
the photosignal intensity of the control light incident on 
the optical element 8 can always be estimated from the 

35 photosignal strength of the photodetector 11. In this 
embodiment, the power of the control light incident on 
the optical element 8 was adjusted to be from 0.5mW to 
25mW by the ND filter 3. 

[0140] The control light split and reflected by the 
40 half- transmitting mirror 5 passes through the light mix- 
ing instrument 6 and the condenser lens 7, and is con- 
verged and irradiated to the optical element 8. The 
control light beam that has passed through the optical 
element 8, passes through the light-receiving lens 9, 
45 and is blocked by the wavelength selection -transmitting 
filter 20. 

[0141] The signal light beam emitted from the opti- 
ca! source 2 is mixed by the light mixing instrument 6 so 
as to follow the same optical path as the control light, 

so passes through the condenser lens 7, and is thereby 
converged and irradiated to the optical element 8. After 
the light that passed through the element has passed 
though the light receiving lens 9 and the wavelength 
selection-transmitting filter 20, it is received by the pho- 

55 todetector 22. 

[01 42] A test of optical control was performed using 
the optical device of Fig. 1 , and the photosignal intensity 
variation shown in Fig. 5 or 6 was observed. 1 1 1 is the 
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light receiving signal of the photodetector 11, and 222 
and 223 are the light receiving signals of the photode- 
tector 22 in Fig. 5 and/or Fig. 6. The differences 
between receiving the light receiving signals 222 and 
223 from the photodetector 22 are as follows. 
[0143] In the device of Fig. 1, the control light and 
signal light are converged and arranged to be incident to 
the optical element 8. K the minimum converged beam 
diameter position, i.e. the beam waist (focus) is set at a 
position near the condenser lens 7 of the optical ele- 
ment 8 (light incidence side), the optical response 222 
in a direction in which the signal light which has passed 
through the optical element decreases, is observed. 
Conversely, when the beam waist is set at a position 
near the light receiving lens 9 of the optical element 8 
(light emitting side), the optical response 223 in a direc- 
tion in which the apparent intensity of the signal light 
which has passed though the optical element increases, 
is observed. 

[0144] The mechanism whereby such an optical 
response is produced is assumed to be as follows. 
[0145] When the control light of wavelength 
selected from the wavelength region which the above- 
mentioned light absorption film absorbs is converged 
and irradiated to the optical element comprising the light 
absorption film by the condenser lens 7. the control light 
is absorbed by the light absorption film, a part of the 
absorbed optical energy changes to heat energy, the 
temperature of the control light irradiation part of the 
light absorption film rises, and the temperature of the 
peripheral region which subsequently absorbs the con- 
trol light by heat conduction also rises. When a Gaus- 
sian beam is used as the control light, the distribution of 
the temperature rising is expected to be similar to a 
Gaussian distribution which becomes larger in the 
center of the beam and progressively decreases 
towards the outside. Due to this temperature rise and 
distribution, thermal expansion occurs in the above- 
mentioned control light irradiation part of the light 
absorption film, and, as a result, a density and refractive 
index variation with this distribution arises. The optica! 
effect based on this refractive index distribution may be 
referred to as a "thermal lens." When irradiation of the 
control light that caused the thermal lens is stopped, the 
temperature rising due to light absorption stops, the 
density variation and refractive index distribution disap- 
pear, and the thermal lens is destroyed. In other words, 
the thermal lens is reversibly created and destroyed cor- 
responding to the intermittence of the control light. 
[01 46] Now, considering the thermal lens formed by 
heat absorption when parallel control light which is not 
converged (Gaussian beam) is transmitted through a 
relatively thin light absorption film, the temperature rise 
is larger, the thermal expansion is larger and the density 
drop is larger near the beam center. As a result, a distri- 
bution is formed where the refractive index is smaller 
the nearer the center, and the optical effect may be con- 
sidered to be equivalent to that of a concave lens. It may 



be conjectured that, regarding the optical effect of the 
thermal lens formed when converged control light is 
transmitted though a comparatively thick light absorp- 
tion layer, the energy distribution of the beam cross-sec- 
5 tion will deviate from a Gaussian distribution due to the 
effect of light absorption, and a simple concave lens will 
not necessarily be formed. 

[0147] In this regard, the photosignal intensity dis- 
tribution in the cross-section of the signal light beam 

70 that was transmitted though the optical element, and its 
variation, were measured. In the following measure- 
ments, to move the position of the beam waist (locus 
Fc) of a converging beam within the optical element 8, 
the optical element 8 was displaced while the interval 

75 (d 78 +d 89 ) between the condenser lens 7 and the light 
receiving lens 9 was fixed. In other words, the distance 
between the optical element 8 and condenser lens 7 
was varied while the interval between the condenser 
lens 7 and light-receiving lens 9 was fixed, and the posi- 

20 tional relation between the foci of the converged control 
light and signal light on the same optical path, and the 
optical element 8. was varied. 

[0148] In the device of Fig. 1, the light-receiving 
lens 9 was changed to a larger numerical aperture (e.g. 

25 0.75) than that of the condenser lens 7 (0.65 in the case 
of this embodiment). Instead of the photodetector 22, a 
photoirrtensity distribution measuring instrument pro- 
vided with a slit as shown in Fig. 7 was installed, all the 
light flux transmitted though the optical element 8 was 

30 received and converged by the light receiving lens 9 and 
arranged to be incident on a light receiving part 31 
(effective diameter 4mm) of the photosignal intensity 
distribution measuring instrument, and the photosignal 
intensity distribution of a signal light pencil cross-section 

35 was measured. The measurement result is shown in 
Figs. 8 to 10. As shown in Fig. 7, the photosignal inten- 
sity distribution measuring instrument is an instrument 
provided with a first slit 32 of width 1 mm and a second 
slit 33 of width 25n.m which moves in the length direction 

40 of the first slit, i.e. from a point X to a point Y in Fig. 7, at 
a fixed speed relative to the light receiving part 31 
(effective diameter 4mm), and measures the photosig- 
nal intensity of the light which has passed though a 
1 mm x 25nm rectangular window formed by the two slits 

45 corresponding to the displacement position of the win- 
dow. To measure the photosignal intensity correspond- 
ing to the displacement position of the window, the 
output of the detector which receives the light transmit- 
ted though the window may be recorded by, for exam- 

50 pie, a storage oscilloscope synchronized with the shift 
speed of the second slit 33. Figs. 8 to 10 show the pho- 
tosignal intensity distribution of an optical beam cross- 
section of signal light recorded by the storage oscillo- 
scope as described above. The horizontal axis (position 

55 in the beam cross-section) corresponds to a position in 
a direction from point X to point Y in Fig. 7, and the ver- 
tical axis represents photosignal intensity. 
[01 49] Fig. 8 is the photosignal intensity distribution 
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when the control light is not incident, and only the signal 
light is incident on the optical element 8. The photosig- 
nal intensity distribution in this case is a distribution 
where the intensity of the center part is high, and grad- 
ually decreases towards the periphery (Gaussian distri- 
bution). 

[0150] Fig. 9 is the photosignal intensity distribution 
of the signal beam cross-section when the control light 
is irradiated, under conditions when the beam waist 
position (focus Fc) of the control light and signal light is 
set at a position near the condenser lens 7 of the optical 
element 8 (light incidence side), and the optical 
response 222 is observed in a direction in which the 
apparent signal light intensity decreases when the con- 
trol light is irradiated. 

[0151] In this case, the photosignal intensity distri- 
bution is weak in the center, and increases at the 
periphery. The photosignal intensity in the center of the 
signal light beam cross-section decreases depending 
on the control light intensity and the positional relation of 
the optical element 8 and the foci, and approaches zero 
as the control light intensity increases. It would appear 
that the refractive index becomes smaller the nearer the 
center due to irradiation by the control light, and the light 
in this area is bent in the circumferential direction of the 
beam. In this case therefore, by extracting only the 
center part of the signal light beam and measuring the 
apparent signal light intensity, the optical response 222 
in the direction in which the intensity of the signal light 
decreases correspondingly to the intermittence of the 
control light can be extracted with a sufficient magni- 
tude. 

[0152] Fig. 10 is the photosignal intensity distribu- 
tion of the signal beam cross-section when the control 
light is irradiated, under conditions when the beam waist 
position (focus Fc) of the control light and signal light is 
set at a position near the light receiving lens 9 of the 
optical element 8 (light emitting side), and the optical 
response 223 is observed in a direction in which the 
apparent signal light intensity increases when the con- 
trol light is irradiated. In this case, the photosignal inten- 
sity in the center is stronger than the photosignal 
intensity in the center when the control light is not irradi- 
ated (Fig. 8). Here, the photosignal intensity of the 
center part of the signal light beam cross-section 
depends on the control light intensity and the relation of 
the optical element 8 to the position of the focus, and it 
attains several times the intensity when the control light 
is not irradiated. This may be because, in this arrange- 
ment, the optical effect of the thermal lens formed by the 
converged, irradiated control light is to project the con- 
vergence point of the signal light which has been con- 
verged and irradiated in the same way. outside the 
optical element 8 (it may project it to infinity depending 
on the conditions). In this case therefore, by extracting 
only the center part of the signal light beam and meas- 
uring the apparent signal light intensity, the optical 
response 223 in the direction in which the intensity of 



the signal light increases correspondingly to the inter- 
mittence of the control light can be extracted with suffi- 
cient magnitude. 

[01 53] K the numerical aperture of the light receiv- 

5 ing lens 9 is made larger than that of the condenser lens 
7, and all the signal light that has passed through the 
optical element lens is received, the optical response is 
small or effectively zero even if signal light having the 
above intensity distribution is arranged to be incident on 

io the photodetector 22. In other words, the optical 
response is small or effectively zero whether the control 
light and signal light are converged and arranged to be 
incident on the condenser lens side of the optical ele- 
ment 8 or whether the control light and signal light are 

75 converged and arranged to be incident on the light 
receiving lens side of the optical element 8. This sug- 
gests that absorption from the excited state of the dye in 
the optical element is actually not occurring. 
[01 54] On the other hand, if the numerical aperture 

20 of the light-receiving lens 9 is made smaller than that of 
the condenser lens 7 as shown in Fig. 1 of this embodi- 
ment, the outer circumferential part of the signal light 
incident on the photodetector 22 is cut off. When the 
control light and signal light are converged and 

25 arranged to be incident on the condenser lens side (inri- 
dence side) of the optical element 8, the signal light ind- 
dent on the photodetector 22 decreases, and when the 
control light and signal light are converged and 
arranged to be incident on the light receiving lens side 

30 (emitting side), the signal light incident on the photode- 
tector 22 increases and a large optical response is 
obtained. 

[0155] A test of the control light was performed 
using the optical device of Fig. 1 , and the photosignal 
35 intensity variation shown in Fig. 5 or 6 was measured. 
The details are as follows. 

[0156] First, the optical paths from each light 
source, the light mixing instrument 6 and the condenser 
lens 7 were adjusted so that the optical beam of the 

ao control light and the optical beam of the signal light were 
brought to a focus Fc in the same area inside the optical 
element 8. The signal light and control light were 
arranged to be incident from the cover glass side of the 
optical element 8. and the optical element was arranged 

45 so that they emitted from the slide glass substrate side. 
Next, the function of the wavelength selection filter 20 
was checked. Specifically, the light source 2 was 
switched off, the light source 1 was switched on, and it 
was confirmed that there was no response at all in the 

so photodetector 22 when the shutter 4 was opened and 
closed. 

[0157] First, referring to Fig. 5, the case will be 
described where the focus Fc was arranged on the con- 
denser lens side (incidence side) of the optical element 

55 8. 

[0158] When the control light source 1 was 
switched on with the shutter 4 closed, and the signal 
light source 2 was switched on at a time t-i to irradiate 
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the optical element 8, the signal intensity of the photo- 
detector 22 increased from level C to level A. 
[01 59] When the shutter 4 was opened at a time t 2 , 
and the control light was converged and irradiated to the 
same optical path as the signal light inside the optical 
element 8, the signal intensity of the photodetector 22 
decreased from level A to level B. The response time of 
this change was less than 2 microseconds. 
[0160] When the shutter 4 was closed at a time t 3 
and irradiation of the control light to the optical element 
was stopped, the signal intensity of the photodetector 
22 returned from level B to level A. The response time of 
this change was less than 3 microseconds. 
[0161] When the shutter 4 was opened at a time t 4 
and subsequently closed at a time t 5> the signal strength 
of the photodetector 22 decreased from level A to level 
B, and subsequently returned to level A. 
[0162] When the source 2 was switched off at a 
time tg, the output of the photodetector 22 declined and 
returned to level C. 

[0163] Next, referring to Fig. 6, the case will be 
described where the focus Fc was arranged on the 
receiving lens side (emitting side) of the optical element 

8. 

[0164] When the control light source 1 was 
switched on with the shutter 4 closed, and the signal 
light source 2 was switched on at a time t, to irradiate 
the optical element 8, the signal intensity of the photo- 
detector 22 increased from level C to level A. 
[0165] When the shutter 4 was opened at a time t 2 , 
and the control light was converged and irradiated to the 
same optical path as the signal light inside the optical 
element 8, the signal intensity of the photodetector 22 
increased from level A to level D. The response time of 
this change was less than 2 microseconds. 
[0166] When the shutter 4 was closed at a time t 3 
and irradiation of the control light to the optical element 
was stopped, the signal intensity of the photodetector 
22 returned from level D to level A. The response time 
of this change was less than 3 microseconds. 
[01 67] When the shutter 4 was opened at a time t 4 
and subsequently closed at a time t 5 , the signal strength 
of the photodetector 22 increased from level A to level 
D, and subsequently returned to level A. 
[0168] When the source 2 was switched off, at a 
time te, the output of the photodetector 22 declined and 
returned to level C. 

[0169] Summarizing the above, when the control 
light having a time variation of photosignal intensity rep- 
resented by a waveform shown by 1 1 1 in Fig. 5 was irra- 
diated to the optical element 8. the output waveform of 
the photodetector 22 which monitors the photosignal 
intensity of the signal light reversibly changed corre- 
sponding to the time variation of the photosignal inten- 
sity of the control light, as shown by 222 or 223 of Fig. 5 
or 6. In other words, it was confirmed that transmission 
of the signal light could be controlled by increasing and 
decreasing the control light photosignal intensity, or 



switching the latter on and off, that light could be control- 
led by light (light/light control), and that light could be 
modulated by light (light/light modulation). 
[01 70] The extent of variation of the signal light pho- 
5 tosignal intensity corresponding to the intermittence of 
the control light may be quantitatively compared by a 
value AT [units %] defined below using the output levels 
A, B and C of the photodetector 22, or a value AT [units 
%] which is defined below using A, C and D. 

10 

AT=100[(A-B)/(A-C)] 
AT= 100[(D-A)/(A-C)] 

75 [0171] A is the output level of the photodetector 22 
when the signal light source 2 is switched on and the 
control light is shut off. B and D are the output levels of 
the photodetector 22 when the signal light and control 
light are simultaneously irradiated. C is the output level 

20 of the photodetector 22 when the signal light source 2 is 
switched off. 

[0172] In the above example, the incidence power 
of the control light was set to 20mW, and the direction 
and magnitude of the optical response of the signal light 

25 was investigated when the position of the optical ele- 
ment 8 was displaced. The maximum value of AT of the 
response in the direction in which the signal light inten- 
sity decreases was 80%. and the maximum value of AT' 
of the response in the direction in which the apparent 

30 signal light intensity increases was 40%. 

[Embodiment 2] 

[0173] Next, the optical density of the light absorp- 
35 tion film was fixed, and an experiment was performed 
varying the dye density and film thickness of the light 
absorption film. 

[0174] First, when the dye density of the light 
absorption film used in Embodiment 1 was doubled and 
40 the film thickness of the light absorption film was set to 
lO^m, which was half that in the case of Embodiment 1 , 
the magnitudes of AT and AT' of the optical response 
were almost the same as that of the case of Embodi- 
ment 1. 

45 

[Comparative Example 1] 

[0175] An optical element was manufactured 
wherein the dye density of the light absorption film in the 

so optical element of Embodiment 1 was halved, and the 
film thickness of the light absorption film was set to 
40fim, i.e. twice the original film thickness. When an 
optical response test was performed, the maximum of 
AT was 68% and the maximum of AT was 25%. Com- 

55 pared with the case of Embodiment 1 . the magnitude of 
the optical response clearly decreased. It may be con- 
jectured that this is because the thickness of the light 
absorption f ilm exceeds twice the confocal length of the 
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control light, and the dye is diluted compared to the 
case of Embodiment 1, hence, formation of the thermal 
lens due to absorption of control light is impeded more 
than in the case of Embodiment 1. 

5 

[Comparative Example 2] 

[0176] An optical element was manufactured with- 
out changing the dye density in the light absorption film 
of the optical element of Embodiment 1, and changing 10 
only the thickness of the light absorption film to 40pm, 
i.e. twice the original thickness. When an optical 
response test was performed, the maximum values of 
AT and AT were not inferior to the case of Embodiment 
1, but the absolute value of signal light transmissivity is 
remarkably decreased, and the signal/noise ratio for a 
high-speed response worsened. 

[Embodiment 3] 

20 

[0177] Using the method of manufacturing a com- 
posite optical thin film described in Japanese Patent No. 
2599569, 



[0178] The film-forming conditions were adjusted 
so that the thicknesses of the two heat transfer films 45 
(glass plates) were as described above, the thicknesses 
of the two heat insulation films were both 10|im after 
vacuum hot pressing, and the thickness of the light 
absorption film was 10^m after vacuum hot pressing. 
[0179] The absorption spectrum of the optical ele- so 
ment of Embodiment 3 manufactured as described 
above was the same as that of the optical element of 
Embodiment 1 (Fig. 2). 

[0180] The direction and magnitude of the optical 
response of the signal light was investigated using this 55 
optical element when the incidence power of the control 
light was 20mW as in Embodiment 1. The maximum 
value of AT of the response in the direction in which the 
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signal light intensity decreases was 88%, and the maxi- 
mum value of AT of the response in the direction in 
which the apparent signal light intensity increases was 
46%. In other words, the optical response was larger 
than in the case of Embodiment 2. It may be considered 
that the formation of the thermal lens proceeds 
smoothly due to the heat insulation films which sand- 
wich the light absorption film. 

[0181] On the other hand, in the case of Embodi- 
ment 2, the dye density in the light absorption film and 
the thickness of the light absorption film is equivalent to 
that of Embodiment 3, but the optical response is small. 
This is thought to be because, as there is no heat insu- 
lation film, the energy of the control light absorbed in the 
light absorption film is rapidly taken up by the heat 
transfer film, and formation of a thermal lens is pre- 
vented. 

[Comparative Example 3] 

[0182] An optical element was manufactured with- 
out changing the dye density in the light absorption film 
ol the optical element of Embodiment 1 , and changing 
only the thickness of the light absorption film by 0.01 
times to 0.2jim . When an optical response test was per- 
formed, an optical response was not detected. This is 
thought to be because the dye amount of the light 
absorption film is small, the heat emitted due absorption 
of the control light is small, and the heat due to absorp- 
tion of control light is rapidly taken up by the heat trans- 
fer film which interferes with the formation of a thermal 
lens. 

[Embodiment 4] 

[0183] A refractive index distribution type convex 
lens was manufactured from an inorganic glass type 
material using an inorganic ion diffusion phenomenon 
according to the method described in [M.Oikawa, K. Iga: 
Appl.Opt., 21(6), 1052-1056(1982)]. A gold deposition 
film was provided as a mask-reflecting film on a glass 
substrate, and a circular window of diameter 400jim 
was formed by photolithography. Next, the assembly 
was immersed in a fused salt and a refractive index dis- 
tribution was formed by ion exchange. This ion 
exchange was promoted by applying an electric field for 
several hours, and a lens of diameter 0.9mm, focal 
length 2mm and numerical aperture NA = 0.23 was 
thereby formed. 

[0184] A light transmitting layer-heat insulation film 
of thickness 2mm comprising methyl polymethacrylate 
was attached by the casting method on the reflecting 
film side on this glass substrate. 
[0185] Using the method of manufacturing a com- 
posite optical thin film described in Japanese Patent No. 
2599569, 

(i) a light absorption film comprising DODCI as dye 
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(i) a heat insulation film comprising only poly(2- 25 
hydroxypropylmethacrylate) 

(ii) a light absorption film comprising DODCI as dye 
and poly(2-hydroxypropylmethacrylate) as matrix 
resin wherein the dye density of the dye/polymer 
film was adjusted to 1 .25x1 0" 1 mol/l, and 30 

(iii) a heat insulation film comprising only poly(2- 
hydroxypropylmethacrylate) (film thickness 10nm) 
were laminated or deposited on a slide glass 
(25mm x 76mm x thickness 1.150mm) as a heat 
transfer film, a cover glass (18mm x 18mm x thick- 35 
ness 0. 1 50mm) was superimposed as a heat trans- 
fer film, and the assembly was subjected to heat 
and pressure under vacuum (vacuum hot pressing) 

to give a "heat transfer film/heat insulation film/light 
absorption film/heat insulation film/heat transfer 40 
film" as one form of the optical element of this 
invention. 



18 



35 



EP1 011 007 A1 



36 



and poly(2-hydroxypropylmethacrylate) as matrix 
resin in which the dye density of the dye/polymer 
film was adjusted to 1 .25x10°mol/l were laminated 
a light transmitting, and lay-heat insulation film 
(ii) a heat insulation film comprising only poly(2- 
hydroxypolymethacrylate) (film thickness lOjim ) 
were laminated or deposited on a light absorption 
film, a cover glass (18mm x 18mm x thickness 
0.150mm) was superimposed as a heat transfer 
film, and the assembly was subjected to heat and 
pressure under vacuum (vacuum hot pressing) to 
give a "convex lens/light transmitting lay-heat insu- 
lation film/light absorption film/heat insulation 
film/heat transfer film" as one form of the optical 
element of this invention. The film-forming condi- 
tions were adjusted so that the thicknesses of the 
heat transfer film and light absorption film compris- 
ing poly(2-hydroxypropylmethacrylate) were 10^m 
after vacuum hot pressing. 

[0186] The optical element of Embodiment 4 manu- 
factured as described above was fitted to an optical 
device identical to that of Embodiment 1 , except that the 
condenser lens 7 was removed and the numerical aper- 
ture of the light-receiving lens was 0.1 . Signal light and 
control light were directed toward the apertures pro- 
vided in the reflecting film of the optical element of 
Embodiment 4 and arranged to be perpendicularly inci- 
dent on the surface of the optical element via the refrac- 
tive index distribution type convex lens formed in the 
glass substrate instead of the condenser lens 7 of 
Embodiment 1. For the signal light, the light emitted by 
a continuous oscillation output 3mW semiconductor 
laser of oscillation wavelength 694nm was beam 
shaped to give a parallel Gaussian beam of diameter 
approximately 0.9mm. For the control light, the light 
emitted by a helium-neon laser of oscillation wavelength 
633nm was beam shaped to give a parallel Gaussian 
beam of diameter approximately 0.9mm. Using the 
above equations (2) and (4), for both the signal light and 
control light, a/o was 1 and K was approximately 0.92. 
The beam waist radius coq of the signal light was approx- 
imately 1.4fim , and the confocal length 2c was approx- 
imately 8.7jim . The beam waist radius oj 0 of the control 
light was approximately 1 .3^m , and the confocal length 
Zc was approximately 8.0jim . As stated above, the 
thickness of the light absorption film was 10nm , and it 
therefore did not exceed twice the focal length of the 
control light (approximately 16jim ). 
[0187] Optical axis adjustment of the signal light 
and control light was performed very simply as follows. 
First, only signal light was arranged to be incident, and 
the optic axis of the signal light (specifically, the installa- 
tion position of the light source) was adjusted so that the 
magnitude of the signal light transmitted via the aper- 
tures in the reflecting film was a maximum. Next, only 
control light was arranged to be incident, and the optic 
axis of the control light (specifically, the installation posi- 



tion of the light source) was adjusted so that the magni- 
tude of the control light transmitted via the apertures in 
the reflecting film was a maximum. For this adjustment, 
the wavelength selection-transmitting filter 20 was tem- 

5 porarily removed, and the intensity of the control light 
was measured by the photodetector 22. 
[01 88] Hereafter, the optical response of the optical 
element was measured in the same way as in the case 
of Embodiment 1. The same speed and magnitude was 

70 observed as in the case of Embodiment 1. 

[Embodiment 5] 

[0189] A titanium plate 210 of 5mm thickness and 
75 being 100mm square, for example, was processed to 
manufacture a press plate 201. An example will be 
described of using this to manufacture an optical ele- 
ment comprising a microlens referring to Fig. 1 1 -Fig. 1 5. 
In Fig. 11 and 12, (a) are sectional views of the plate 
20 and/or optical element in which apertures are formed 
along lines A- A' and B-B\ and (b) is a plan view. 
[01 90] As shown in Fig. 1 1 , one face of the titanium 
plate 210 was polished to form a mirror surface, a pho- 
toresist layer 202 having a thickness of about 1^m was 
25 formed thereupon by a coating method using a spin 
coater, and circular apertures 230 each having a diam- 
eter of 25|im were patterned as lattice points by a 
0.1mm pinch using a reduction projection exposure 
method. 

30 [0191] Next, as shown in Fig. 12, corrosion 
processing was performed by the high frequency 
plasma etching method using carbon tetrafluoride (CF 4 ) 
gas, which is a well-known technique in semiconductor 
manufacturing processes. The pressure during the 

35 reaction was 6. 5x10* 4 Pa and the high frequency output 
was 400W. At the same time as etching proceeds in the 
depth direction of the titanium which is the plate metal, 
the periphery of the circular apertures 230 of the pho- 
toresist is also etched due to collision of ions or elec- 

40 trons accelerated in the high frequency plasma. The 
etching time was adjusted so that the diameter, which 
was 25nm when etching started, finally reached 45^m . 
As the diameter of the circular apertures of the photore- 
sist increases, etching proceeds not only in the depth 

45 direction but also in a direction that intersects perpen- 
dicularly with this so that the cross-section of the aper- 
tures 203 is an arc of a circle. In the case of high 
frequency plasma etching, isotropic chemical etching 
and anisotropic physical etching are generally mixed, 

so and conditions such as the type of gas, pressure and 
high frequency power can change the ratio of isotropy to 
anisotropy. For example, by adjusting the etching condi- 
tions (type of gas, pressure and high frequency power) 
to emphasize isotropic etching, it was possible to per- 

55 form control so that the curvature radius of the circular 
cross-section of the apertures obtained was a compar- 
atively high value of 102^m. On the other hand, when 
for example the pressure was reduced compared to the 
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aforesaid etching conditions and the high frequency 
power was increased to 450 W, anisotropic etching was 
emphasized, and the curvature radius of the arc cross- 
section of the apertures obtained was reduced to 43^m 

[0192] The same control as this can also be per- 
formed by selecting the photoresist. Specifically, when 
* annealing was performed at a high temperature so that 
post-annealing hardness increased, and when a pho- 
toresist was used which is particularly hard to etch by 
gas, the curvature radius of the arc cross-section of the 
apertures obtained became smaller. Thus, by control- 
ling the etching conditions, it is possible to control the 
curvature radius of the cross-section of the apertures 
203 of the press plate 201 , and the press plate 201 can 
be manufactured with any desired cross-sectional 
shape. After the etching process, following removal of 
the photoresist removal (washing), the original press 
plate 201 was polished to a mirror surface by chemical 
polishing so as to reduce the surface roughness. 
[0193] A powder 204 of polymethylmethacrylate 
that had been purified by reprecipitation and dried in a 
vacuum to remove volatile components was sprinkled 
on the surface of this press plate 201 manufactured as 
described above (Fig. 13(a)). A glass substrate 205 of 
thickness approximately 2mm was placed over this (Fig. 
13(b)), and polymethylmethacrylate was interposed 
between the glass substrate 205 and the press plate 
201 by the vacuum hot press method (Japanese Patent 
188201 1) so as to form a lens array 206 (Fig. 14). 
[0194] After cooling, the press plate 201 was 
peeled away to leave the polymethylmethacrylate lens 
array 206 on the glass substrate 205, as shown in Fig. 
15. 

[Embodiment 6] 

[0195] The shape of a concave surface 3 was 
adjusted by controlling the manufacturing conditions of 
the lens plate 1 by the method described in Embodi- 
ment 1 , as shown in Fig. 1 7. A convex lens 87 of effec- 
tive aperture radius 250*irn, focal length 1 .00mm and 
numerical aperture NA 0.25 was formed on a glass sub- 
strate 186 (thickness 1.510mm), and a convex lens 89 
of effective aperture radius 130nm , focal length 
1.00mm and numerical aperture NA 0.13 was formed 
on a glass substrate 182 (thickness 1.500mm), using 
polymethylmethacrylate (refractive index 1.49). The 
lens plate was removed in the last step of the optical 
element manufacturing process to protect the convex 
lenses 87 and 89. The glass substrates 182, 186 both 
function as a light transmitting film-heat transfer film. 
[0196] The above "focal length" is a value obtained 
when the convex lenses 87, 89 are made to act as 
planoconvex lenses having the flat surfaces attached to 
a glass substrate (refractive index 1.51), parallel light is 
irradiated from the glass substrate side, and the light is 
brought to a focus in the air (refractive index 1). When 



parallel light is irradiated in the other direction, i.e. from 
the air side, the position of the focus must be computed 
considering the wavelength of the light and the refrac- 
tive index of the medium though which the light passes 

5 until it reaches the focus. For example it is converged by 
the convex lens 87, passes though glass of refractive 
index 1.51 and refractive index 1.510mm, and passes 
though the light absorption film 80 of refractive index 
1 .51 , as shown in Fig. 17. If it is brought to a focus within 

70 this distance, the "focal length r~ is calculated to be 
approximately 1 .51±(confocal length 2c)/2. On the other 
hand, the "focal length r M " when light emits from this 
focus, passes though the light absorption film 80, 
passes through the medium of refractive index 1.51, 

is passes through glass of thickness 1.50mm, and is 
restored to a parallel beam by the convex lens 89, is 
also calculated to be approximately 1.51±(confocal 
length 2c)/2. In other words, if the thickness of the light 
absorption film 80 in the optical element having the con- 

20 struction shown in Fig. 17 is arranged to be less than 
100jim , a signal light S2 which is incident as a parallel 
beam can generally be extracted as a parallel beam. 
[0197] To manufacture the optical element 80, 
23.0mg of 3,3-diethyloxadicarbocyanin iodide (common 

25 name DODCI) and I977.0mg of polymethylmethacr- 
ylate were dissolved in 200ml acetone, the resulting 
solution was stirred into 1300ml n-hexane. the precipi- 
tate (dye and polymer mixture) which separated was fil- 
tered, washed with n-hexane and dried under reduced 

30 pressure, and the product was crushed. The dye and 
polymer powder mixture obtained was heated for two 
days at 100°C under ultra high vacuum of less than 10" 
5 Pa, volatile components such as residual solvent were 
completely removed, and a powder of a dye/polymer 

35 mixture was thereby obtained. 35mg of this powder was 
inserted between the glass substrate 186 and the glass 
substrate 182, heated to 150°C under vacuum, and the 
powder was pressed between the two glass plates (vac- 
uum hot press method). In this way, the light absorption 

40 film 80 (thickness 50nm ) comprising dye/polymer was 
sandwiched between glass substrates. The positions of 
the glass plates 186, 182 were finely adjusted so that 
the optic axes of the convex lenses 87, 89 coincided. 
Specifically, reference lines were first marked for posi- 

45 tioning a lens plate pressed between the glass plates 
186, 182, the positions of the apertures 203 were deter- 
mined based on these lines, two lens plates corre- 
sponding to the convex lenses 87, 89 were prepared, 
and the positions were adjusted so that the optic axes of 

so the two lenses coincided based on these two reference 
lines. 

[0198] Calculating the density of the dye/resin mix- 
ture to be 1.06, the dye concentration in the light 
absorption film is 2.5x1 0" 2 mol/l. The transmissivity of 
55 this film was 28.3% at the wavelength (633nm) of the 
control light S1, and 90.2% at the wavelength (694nm) 
of the signal light S2. 

[0199] As the last step of the manufacturing proc- 
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ess, the optica! element subjected to vacuum hot press 
was cooled to room temperature and taken out in the 
atmosphere, and the lens plate was removed. 
[0200] In the above procedure, the light absorption 
film 80 was manufactured after forming the convex 
lenses on the glass substrate, however the procedure 
can be reversed, i.e. the convex lenses 87, 89 may be 
formed on the surfaces of the glass substrates 186, 182 
while taking care to align the optical axes of the two con- 
vex lenses after manufacturing the light absorption film 
80. 

[0201] The light absorption film 80 may also be 
formed at the same time as the two convex lenses 87, 
89. 

[0202] In any case, it is important to carefully con- 
trol the manufacturing conditions so that the thickness 
of the light absorption film 80 is the above design value, 
and so that the optical axes of the two convex lenses 
coincide. 

[0203] In order to investigate the optical response 
of the optical element manufactured as described 
above, the optical element of this invention was installed 
in the measuring apparatus having the construction 
shown in Fig. 18. 

[0204] In the device shown in Fig. 18, the con- 
denser lens 7, film type optical element 8 and light 
receiving lens 9 in the device shown in Fig. 1 are 
replaced by the convex lenses 87, 89, the glass sub- 
strates 186. 182, and the optical element comprising the 
light absorption film 80. 

[0205] As a source 101 of the control light S1, a 
helium-neon laser (oscillation wavelength 633nm, paral- 
lel beam of diameter approximately 120fim , Gaussian 
energy distribution of beam cross-section) was used. 
[0206] On the other hand, as a source 102 of the 
signal light S2, the emission of a semiconductor laser 
(oscillation wavelength 694nm, continuous oscillation 
output 3mW) was beam shaped to give a parallel Gaus- 
sian beam of diameter approximately 0.5mm. 
[0207] As a ND filter 103, the same filter as the ND 
filter 3 of Embodiment 1 was used. 
[0208] A shutter 1 04 was used to make the continu- 
ous wave laser used as control light flash in a pulse-like 
fashion. The mechanical shutter and an optoacoustic 
element were used in conjunction. 
[0209] The half-transmitting mirror 105 was used to 
constantly monitor the photosignal intensity of the con- 
trol light SI. 

[0210] As the photodetectors 1 1 and 22, phototran- 
sistors were used. The light receiving signal of the pho- 
todetectors 1 1 , 22 was monitored by an oscilloscope, 
not shown. 

[0211] As the light mixing instrument 106, a dichroic 
mirror was used and adjusted so that the optical axes of 
the control light S1 and signal light S2 coincided. 
[0212] As the effective aperture radius a on the irra- 
diation side of the convex lens 87 is 250jim and the 
numerical aperture NA is 0.25, K is approximately 3 for 



control light of wavelength 633nm and beam diameter of 
120jAm , and therefore the beam radius cdq of the light 
beam in the region where the photon density in the 
vicinity of the focus of the convex lens 87 on the irradia- 

5 tion side is the highest, i.e. the beam waist, is approxi- 
mately 4jim , and the confocal length Zc is 72\im . 
[0213] Similarly, for signal light of wavelength 
694jim and beam diameter 0.5mm, k is approximately 
0.92, and the beam radius o>0 of the light beam in the 

io beam waist, is approximately 2.5^m , and the confocal 
length Zc is 27^m . In other words, for the optical ele- 
ment of this embodiment, the relation of the magnitude 
of the control light beam to that of the signal light beam 
is approximately 8:5 in terms of beam diameter and 

75 approximately 5:2 in terms of beam cross-section, i.e. 
the control light is more intense. Also, the film thickness 
of the light absorption film 80 was 50>im , and did not 
exceed twice the confocal length Zc of the control light 
(72fim). 

20 [0214] The convex lens 89 on the light receiving 
side is means for restoring the signal light and control 
light, which was converged by the convex lens 87 on the 
irradiating side, irradiated to the light absorption film 80, 
and transmitted though the glass substrate 182 via the 

25 light absorption film 80 from the glass substrate 1 86. to 
a parallel beam. To obtain signal light of sufficient mag- 
nitude with good reproducibility, it is desirable to use a 
lens of smaller aperture than that of the convex lens 87 
on the irradiating side. According to this embodiment, a 

30 lens of numerical aperture 0.13 was used as the convex 
lens 89 on the light receiving side, i.e. the numerical 
aperture of the light convex lens 89 on the light-receiv- 
ing lens was made smaller than the numerical aperture 
of 0.25 of the convex lens 87 on the irradiating side. 

35 [0215] As a wavelength selection-transmitting filter 
120, the same filter was used as the filter 20 in Embod- 
iment 1 . 

[021 6] In the optical apparatus of Fig. 1 8 having the 
aforesaid construction, the control light beam emitted by 

40 the light source 101 passes through the ND f ilter 103 for 
adjusting transmitted light intensity by increasing or 
decreasing transmissivity, passes through the shutter 
104 for making the control light flash in a pulse-like fash- 
ion, and is split by the half -transmitting mirror 105. 

45 [021 7] As in the case of Embodiment 1 , the power 
of the control light that is incident on the optical element 
is adjusted to from O.SmW to 25mW by the ND filter 1 03. 
[0218] The control light that is split and reflected by 
the half- transmitting mirror 1 05 passes through the light 

50 mixing instrument 106 and the convex lens 87 on the 
irradiating side, and is converged and irradiated toward 
the light absorption film 80 in the optical element. After 
the control light beam that passed though the optical 
element passes though the convex lens 89 on the light 

55 receiving side, it is blocked by the wavelength selection- 
transmitting filter 120. 

[0219] The signal light beam S2 emitted by the 
source 102 is mixed by the light mixing instrument 106 
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so that it is propagated on the same optical path as the 
control light S1, passes through the convex lens 87 on 
the irradiation side and is converged and irradiated to 
the optical element. The light that has passed through 
the element passes through the convex lens 89 on the 5 
light receiving side and the wavelength selection-trans- 
mitting filter 120, and is received by the photodetector 
22. 

[0220] A light control test was performed using the 
optical device of Fig. 18, and the photosignal intensity 10 
variation shown in Fig. 5 or 6 was observed as in the 
case of Embodiment 1 . In Fig. 5 and/or Fig. 6, 1 1 1 is the 
light receiving signal of the photodetector 1 1 , and 222 Claims 
and 223 are the light receiving signals of the photode- 
tector 22. The differences in the light receiving signals is 1. 
222, 223 obtained from the photodetector 22 are as fol- 
lows. 

[0221] In the arrangement of Fig. 18, the control 
light S1 and signal light S2 are converged and arranged, 
to be incident on the light absorption film 80 in the opti- 20 
cal element. If the convex lens 87 is finely adjusted in 
manufacture so that the minimum convergence beam 
diameter position, i.e. the focus Fc, is near the convex 
lens 87 on the irradiation side of the light absorption film 
80 (light incidence side), the optical response 222 is 
obtained in the direction in which the signal light S2 
which passed through the optical element decreases. 
[0222] On the other hand, if the convex lens 87 is 
finely adjusted in manufacture so that the focus Fc is 
near the convex lens 89 on the receiving side of the light 
absorption film 80 (light emitting side), the optical 
response 223 is obtained in the direction in which the 
apparent intensity of the signal light S2 which passed 
through the optical element increases. 
[0223] This phenomenon may be explained by a 
thermal lens effect formed in a region 85 in the light 
absorption film 80, as in the case of Embodiment 1 . 

industrial Application 
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function part can be formed in a one-piece construction 
by a continuous manufacturing process in a vacuum, so 
a highly durable optical element can be manufactured 
without volatile materials which would cause optical 
damage during irradiation by a high power laser. More- 
over, according to the optical element of this invention, 
the light flux density of the incident light on an optical 
function part can be enhanced without adding a con- 
verging optical system exterior to the optical element, 
hence a very compact, high performance optical ele- 
ment can be provided. 



An optical element comprising at least a light 
absorption film for performing intensity modulation 
and/or light flux density modulation using a thermal 
lens based on a reversible refractive index distribu- 
tion produced by respectively converging a control 
light and a signal light of different wavelengths and 
irradiating them to said light absorption film, the 
wavelength of the control light being selected from 
the absorption band of the light absorption film, and 
bringing at least the control light to a focus in the 
light absorption film so as to produce a temperature 
rise in the region of the light absorption film which 
absorbed the control light and the surrounding 
region, 

wherein the thickness of the light absorption 
film does not exceed twice the confocal length of 
the converged control light. 



40 

[0224] As described above, according to the optical 
element of this invention, and the optical control method 
and device using this element, by using, for example, 
low power laser light in the visible region as a control 
light, a signal light in the near infrared region can be 45 
modulated with good precision by a very simple optical 
apparatus without using any electronic circuitry and with 
a sufficiently rapid response for practical purposes. 
Moreover, optical axis adjustment of the control light 
and signal light is sirrple to perform, and a very compact so 
optical control device can be provided. 
[0225] According to the method of manufacturing 
an optical element of this invention, an optical element 
can be manufactured having a structure comprising a 
convex lens whose size, shape and refractive index are 55 
controlled, and which is laminated on a glass substrate. 
According to the method of manufacturing an optical 
element of this invention, a convex lens and an optical 



2. An optical element as defined in Claim 1 , wherein 

a light transmitting heat insulation film is pro- 
vided in the wavelength band of said control 
light and said signal light on either or both sides 
of said light absorption film. 

3. An optical element as defined in Claim 1 or Claim 2, 
wherein 

said heat transfer film is provided on either or 
both sides of said light absorption film when 
said heat insulation film is not present, and 
said heat transfer film is provided on either or 
both sides of said light absorption film though 
the intermediary of the heat insulation film 
when said heat insulation film is present. 

4. An optical element as defined in any of Claims 1 to 
3, wherein 

said light absorption film and/or heat insulation 
film and/or heat transfer film are comprised of 
self-supporting materials. 

5. An optica! element as defined in any of Claims 1 to 
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4, wherein a light reflecting film having apertures 
large enough for said converged, irradiated control 
light and signal light to pass, is provided on the con- 
trol light incidence side of said light absorption film, 
and is laminated on said heat insulation film and/or 
said heat transfer film when said heat insulation film 
and/or said heat transfer film is/are present. 

6. An optical element as defined in any of Claims 1 to 

5, wherein said light absorption film contains a pig- 
ment or a dye molecular aggregate which absorbs 
light in the wavelength band of said control light. 

7. An optical element as defined in any of Claims 1 to 

6, wherein 

a light transmitting film is laminated on said 
light absorption film, heat insulation film or light 
reflecting film, and a convex lens which func- 
tions as a converging means for said control 
light is laminated on the incidence side of said 
control light on said light transmitting film. 

8. An optical element comprising a convex lens, 
wherein said convex lens is formed on a substrate 
by filling a resin into a planoconvex lens cavity 
between a lens plate having at least one depres- 
. sion and said substrate, an optical function point is 
arranged at the focus of said convex lens, and light 
incident on said optical function point is converged 
by said convex lens so that the flux density of the 
light irradiating said optical function point is 
increased. 

9. An optical element as defined in Claim 8, 

comprising at least a light absorption film 
wherein intensity modulation and/or light flux 
density modulation is/are performed using a 
thermal lens based on a reversible refractive 
index distribution produced by respectively 
converging a control light and a signal light of 
different wavelengths and irradiating them to 
said light absorption film, the wavelength of 
said control light being selected from the 
absorption band of said light absorption film, 
and bringing at least said control light to a focus 
in said light absorption film so as to produce a 
temperature rise in the region of said light 
absorption film which absorbed said control 
light and the surrounding region. 

10. An optical element as defined in Claim 8 or 9, 
wherein 

said convex lens is formed by heat melting 
compression of a thermoplastic resin powder 
filled in a convex lens type cavity between said 



lens plate and substrate. 

1 1. A light control method wherein 

5 intensity modulation and/or light flux density 

modulation is/are performed using a thermal 
lens based on a reversible refractive index dis- 
tribution produced by respectively converging a 
control light and a signal light of different wave- 

w lengths and irradiating them to a light absorp- 

tion film of an optical element according to any 
of Claims 1 to 6 or Claim 9, the wavelength of 
said control light being selected from the 
absorption band of said light absorption film, 

75 and bringing at least said control light to a focus 

in said light absorption film so as to produce a 
temperature rise in the region of said light 
absorption film which absorbed said control 
light and the surrounding region. 

20 

12. A light control method wherein intensity modulation 
and/or light flux density modulation is/are per- 
formed using a thermal lens based on a reversible 
refractive index distribution produced by respec- 

25 tively irradiating the control light and signal light as 
parallel beams to the convex lens of the optical ele- 
ment according to Claim 7 or 9. and bringing at 
least said control light to a focus in said light 
absorption film so as to produce a temperature rise 

30 in the region of said light absorption film which 
absorbed said control light and the surrounding 
region. 

13. A light control method according to Claim 11 or 12, 
35 wherein 

signal light flux in a region strongly affected by 
intensity modulation and/or light flux density 
modulation is separately extracted by extract- 
40 ing a signal light flux which diverges after it has 

passed through said optical element within an 
angular range smaller than the divergence 
angle of said signal light flux. 

45 14. A light control device performing intensity modula- 
tion and/or light flux density modulation using a 
thermal lens based on a reversible refractive index 
distribution produced by respectively converging a 
control light and a signal light of different wave- 
so lengths and. irradiating them to a light absorption 
film of an optical element according to any of 
Claims 1 to 6, the wavelength of said control light 
being selected from the absorption band of said 
light absorption film so as to produce a temperature 
55 rise in the region of said light absorption film which 
absorbed said control light and the surrounding 
region, wherein 
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converging means is provided for respectively 
converging said control light and signal light, 
the optical paths of said control light and signal 
light being arranged so that the regions in 
which the photon densities are highest in the 5 
vicinity of the foci of said control light and signal 
light overlap, and said light absorption film of 
said optical element is arranged in a position 
where the regions in which the photon densi- 
ties are highest in the vicinity of the foci of said w 
control light and signal light overlap. 

15. A light control device performing intensity modula- 
tion and/or light flux density modulation using a 
thermal lens based on a reversible refractive index 75 
distribution produced by respectively converging a 
control light and a signal light as parallel beams 
respectively and irradiating them to a convex lens of 

an optical element according to Claim 7 or 9, to pro- 
duce a temperature rise in the region of said light 20 
absorption film which absorbed said control light 
and the surrounding region, wherein 

a convex lens as converging means is provided 
for respectively converging said control light 25 
and signal light, the optical paths of said control 
light and signal light being arranged so that the 
regions in which the photon densities are high* 
est in the vicinity of the foci of said control light 
and signal light overlap, and said light absorp- 30 
tion film of said optical element is arranged at a 
position where the regions in which the photon 
densities are highest in the vicinity of the foci of 
said control light and signal light overlap. 

35 

16. A light control device as defined in Claim 14 or 15, 
wherein said means which separately extracts sig- 
nal light flux in a region strongly affected by inten- 
sity modulation and/or light flux density modulation 

is means which extracts said signal light flux which 40 
diverges after it has passed though said optical ele- 
ment within an angular range smaller than the 
divergence angle of said signal light flux. 

17. A method of manufacturing an optical element 45 
forming a convex lens by filling a resin into a flat 
lens cavity between a lens plate having at least one 
depression and a substrate, wherein said lens plate 

is manufactured by a method wherein a photoresist 
is coated on a base material surface of said lens so 
plate, etching of the base material is performed 
after forming a pattern having plural apertures on 
said photoresist, and the diameter of said apertures 
is increased as etching proceeds by etching the 
photoresist itself so as to form depressions in the 55 
base material surface. 
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Amended claims under Art. 19.1 PCT 

" An optical element comprising at least a light 
absorption film for performing intensity modulation 
and/or light flux density modulation using a thermal 
lens based on a reversible refractive index distribu- 
tion produced by respectively converging a control 
light and a signal light of different wavelengths and 
irradiating them to said light absorption film, the 
wavelength of the control light being selected from 
the absorption band of the light absorption film, and 
bringing at least the control light to a focus in the 
light absorption film so as to produce a temperature 
rise in the region of the light absorption film which 
absorbed the control light and the surrounding 
region, wherein the thickness of said light absorp- 
tion film not exceeding twice the confocal length of 
the converged control light. 

2. (deleted) 

3. (amended) An optical element as defined in 
Claim 1, wherein 

a light transmitting heat insulation film in the 
wavelength band of said control light and said 
signal light and/or a heat transfer film in the 
wavelength band of said control light and said 
signal light is /are laminated on said light 
absorption film on the basis of at least of the 
composition selected from the following combi- 
nations (a)-(i): 

(a) Light absorption film/heat insulation 
film 

(b) Heat insulation film/light absorption 
film/heat insulation film 

(c) Light absorption film/heat transfer film 

(d) Heat transfer film/light absorption 
film/heat transfer film 

(e) Light absorption film/heat insulation 
film/heat transfer film 

(f) Heat transfer film/light absorption 
film/heat insulation film 

(g) Heat transfer film/light absorption 
film/heat insulation film/heat transfer film 

(h) Heat transfer film/heat insulation 
film/light absorption film/heat insulation 
film 

(i) Heat transfer film/heat insulation 
film/light absorption film/heat insulation 
film/heat transfer film. 

4. (amended) An optical element as defined in 
Claim 3, wherein said light absorption film and/or 
heat insulation film and/or heat transfer film are 
comprised of self-supporting materials. 
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5. (amended) An optical element as defined in 
Claim 3, wherein 

a light reflecting film having apertures large 
enough for said converged, irradiated control s 
light and signal light to pass, is provided on the 
control light incidence side of said light absorp- 
tion film, and is laminated on said heat insula- 
tion film and/or said heat transfer film when 
said heat insulation film and/or said heat trans- io 
' fer film is/are present 

6. (amended) An optical element as defined in 
Claim 3, wherein 

15 

said light absorption film contains a pigment or 
a dye molecular aggregate which absorbs light 
in the wavelength band of said control light. 

7. (amended) An optical element as defined in 20 
Claim 3, wherein 

a light transmitting film is laminated on said 
light absorption film, heat insulation film or light 
reflecting film, and a convex lens which func- 25 
tions as a converging means for said control 
light is laminated on the incidence side of said 
control light on said light transmitting film. 

8. (deleted) 30 

9. (deleted) 

10. (deleted) 

35 

11. (amended) A light control method wherein 
intensity modulation and/or light flux density modu- 
lation is/are performed using a thermal lens based 
on a reversible refractive index distribution pro- 
duced by respectively converging a control light and <o 
a signal light of different wavelengths and irradiat- 
ing them to a light absorption film of an optical ele- 
ment as defined in Claim 1, the wavelength of said 
control light being selected from the absorption 
band of said light absorption film, and bringing at as 
least said control light to a focus in said light 
absorption film so as to produce a temperature rise 

in the region of said light absorption film which 
absorbed said control light and the surrounding 
region. 50 

12. (amended) A light control method wherein 
intensity modulation and/or light flux density modu- 
lation is/are performed using a thermal lens based 

on a reversible refractive index distribution pro- ss 
duced by respectively converging a control light and 
a signal light of different wavelengths and irradiat- 
ing them to a light absorption film of an optical ele- 



ment as defined in Claim 3, the wavelength of said 
control light being selected from the absorption 
band of said light absorption film, and bringing at 
least said control light to a focus in said light 
absorption film so as to produce a temperature rise 
in the region of said light absorption film which 
absorbed said control light and the surrounding 
region. 

13. (amended) A light control method wherein 
intensity modulation and/or light flux density modu- 
lation is/are performed using a thermal lens based 
on a reversible refractive index distribution pro- 
duced by respectively irradiating a control light and 
a signal light to said convex lens provided in an opti- 
cal element as defined in Claim 7, and bringing at 
least said control light to a focus in said light 
absorption film so as to produce a temperature rise 
in the region of said light absorption film which 
absorbed said control light and the surrounding 
region. 

14. (amended) A light control method as defined in 
Claim 1 1 , wherein 

signal light flux in a region strongly affected by 
intensity modulation and/or light flux density 
modulation is separately extracted by extract- 
ing a signal light flux which diverges after it has 
passed through said optical element within an 
angular range smaller than the divergence 
angle of said signal light flux. 

15. (amended) A light control method as defined in 
Claim 12, wherein 

signal light flux in a region strongly affected by 
intensity modulation and/or light flux density 
modulation is separately extracted by extract- 
ing a signal light flux which diverges after it has 
passed through said optical element within an 
angular range smaller than the divergence 
angle of said signal light flux. 

16. (amended) A light control method as defined in 
Claim 13, wherein 

signal light flux in a region strongly affected by 
intensity modulation and/or light flux density 
modulation is separately extracted by extract- 
ing a signal light flux which diverges after it has 
passed through said optical element within an 
angular range smaller than the divergence 
angle of said signal light flux. 

17. (amended) A light control device performing 
intensity modulation and/or light flux density modu- 
lation using a thermal lens based on a reversible 
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refractive index distribution produced by respec- 
tively converging a control light and a signal light of 
different wavelengths and irradiating them to a light 
absorption film of an optical element as defined in 
Claim 1, the wavelength of said control light being 5 
selected from the absorption band of said light 
absorption film so as to produce a temperature rise 
in the region of said light absorption film which 
absorbed said control light and the surrounding 
region, wherein w 

converging means is provided for respectively 
converging said control light and signal light, 
the optical paths of said control light and signal 
light being arranged so that the regions in 75 
which the photon densities are highest in the 
vicinity of the foci of said control light and signal 
light overlap, and 

said light absorption film of said optical element 20 
is arranged in a position where the regions in 
which the photon densities are highest in the 
vicinity of the foci of said control light and signal 
light overlap. 

25 

18. (added) A light control device performing inten- 
sity modulation and/or light flux density modulation 
using a thermal lens based on a reversible refrac- 
tive index distribution produced by respectively con- 
verging a control light and a signal light of different 30 
wavelengths and irradiating them to a light absorp- 
tion film of an optical element as defined in Claim 3, 

the wavelength of said control light being selected 
from the absorption band of said light absorption 
film so as to produce a temperature rise in the 35 
region of said light absorption film which absorbed 
said control light and the surrounding region, 
wherein 

converging means is provided for respectively *o 
converging said control light and signal light, 
the optical paths of said control light and signal 
light being arranged so that the regions in 
which the photon densities are highest in the 
vicinity of the foci of said control light and signal 45 
light overlap, and . 

said light absorption film of said optical element 
is arranged in a position where the regions in 
which the photon densities are highest in the 
vicinity of the foci of said control light and signal so 
light overlap. 

19. (added) A light control device performing inten- 
sity modulation and/or light flux density modulation 
using a thermal lens based on a reversible refrac- 55 
tive index distribution produced by respectively con- 
verging a control light and a signal light and 
irradiating them to a convex lens of an optical ele- 



ment as defined in Claim 7, the wavelength of said 
control light being selected from the absorption 
band of said light absorption film, and bringing at 
least said control light to a focus in said light 
absorption film so as to produce a temperature rise 
in the region of said light absorption film which 
absorbed said control light and the surrounding 
region, wherein 

a convex lens as converging means is provided 
for respectively converging said control light 
and signal light, the optical paths of said control 
light and signal light being arranged so that the 
regions in which the photon densities are high- 
est in the vicinity of the foci of said control light 
and signal light overlap, and 
said light absorption film of said optical element 
is arranged in a position where the regions in 
which the photon densities are highest in the 
vicinity of the foci of said control light and signal 
light overlap. 

20. (added) A light control device as defined in 
Claim 1 7, wherein 

said means which separately extracts signal 
light flux in a region strongly affected by inten- 
sity modulation and/or light flux density modu- 
lation is means which extracts said signal light 
flux which diverges after it has passed through 
said optical element within an angular range 
smaller than the divergence angle of said sig- 
nal light flux. 

21. (added) A light control device as defined in 
Claim 18, wherein 

said means which separately extracts signal 
light flux in a region strongly affected by inten- 
sity modulation and/or light flux density modu- 
lation is means which extracts said signal light 
flux which diverges after it has passed through 
said optical element within an angular range 
smaller than the divergence angle of said sig- 
nal light flux. 

22. (added) A light control device as defined in 
Claim 19, wherein 

said means which separately extracts signal 
light flux in a region strongly affected by inten- 
sity modulation and/or light flux density modu- 
lation is means which extracts said signal light 
flux which diverges after it has passed through 
said optical element within an angular range 
smaller than the divergence angle of said sig- 
nal light flux. 



26 



51 



EP1 011 007 A1 



23. (added) A method tor manufacturing an optical 
element wherein a convex lens is formed by filling a 
resin into a flat lens cavity between a lens plate hav- 
ing at least one depression and a substrate, said 
lens plate is manufactured by a method wherein a 5 
photoresist is coated on a base material surface of 
said lens plate, etching of the base material is per- 
formed after forming a pattern having plural aper- 
tures on said photoresist, and the diameter of said 
apertures is increased as etching proceeds by 70 
etching the photoresist itself so as to form depres- 
sions in the base material surface. 
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